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Abstract
This thesis investigates oxygen transport membrane reactors (OTMs) for the application of
oxy-fuel combustion. This is done by evaluating the material properties and oxygen permeability
of different OTM compositions subjected to a variety of operating conditions. The scope of this
work consists of three components: (1) evaluate the oxygen permeation capabilities of perovskitetype materials for the application of oxy-fuel combustion; (2) determine the effects of dual-phase
membrane compositions on the oxygen permeation performance and membrane characteristics;
and (3) develop a new method for estimating the oxygen permeation performance of OTMs
utilized for the application of oxy-fuel combustion.
SrSc0.1Co0.9O3-δ (SSC) is selected as the primary perovskite-type material used in this research
due to its reported high ionic and electronic conductive properties and chemical stability. SSC’s
oxygen ion diffusivity is investigated using a conductivity relaxation technique and
thermogravimetric analysis. Material properties such as chemical structure, morphology, and ionic
and electronic conductivity are examined by X-ray diffraction (XRD), Scanning Electron
Microscope (SEM), and conductivity testing using a four-probe method, respectively. Oxygen
permeation tests study the oxygen permeability OTMs under modified membrane temperatures,
sweeping gas flow rates, sweeping gas compositions, membrane configurations, and membrane
compositions. When utilizing a pure CO2 sweeping gas, the membrane composition was modified
with the addition of Sm0.2Ce0.8O1.9-δ (SDC) at varying wt.% to improve the membranes mechanical
stability. A newly developed method to evaluate the oxygen permeation performance of OTMs is
also presented by fitting OTM’s oxygen permeability to the methane fraction in the sweeping gas
composition. The fitted data is used to estimate the overall performance and size of OTMs utilized
for the application of oxy-fuel combustion.

The findings from this research show that under a wide range of membrane temperatures and
in a variety of atmospheres, a pure SSC OTM can achieve superior surface exchange and oxygen
chemical diffusion coefficients compared to other commonly studied materials. SSC’s high
oxygen permeability (>1 ml.min-1.cm-2) demonstrates the material’s candidacy for the application
of oxy-fuel combustion. However, in the presence of rich CO2 atmospheres, SSC shows
mechanical and chemical instabilities due to the carbonate formation on the perovskite structure.
The addition of SDC in the membrane composition produces a dual-phase OTM which is observed
to improve the oxygen permeation flux when subjected to pure CO2 sweeping gases. When
subjected to pure methane sweeping gases, dual-phase OTM compositions exhibits lower oxygen
permeability compared to the single-phase SSC OTM. Despite the decline in the oxygen
permeation flux, some dual-phase compositions still exhibit a high oxygen permeability, indicating
their potential for the application of oxy-fuel combustion. Furthermore, a newly developed method
for evaluating OTMs for the application of oxy-fuel combustion is presented in a portion of this
work. This new method calculates key components such as the average oxygen permeation flux,
approximate effective surface area, and the impact of additional recirculated exhaust into the
incoming sweeping gas to provide a detailed understanding of OTM’s application for oxy-fuel
combustion. The development of this approach will aid in the evaluation of newly developed
materials and create a new standard for implementing OTMs for the application of oxy-fuel
combustion.
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Chapter 1 Introduction
1.1 Background
Our world is in peril. For over a century, fossil fuels have been the primary source of energy
production that satisfies the increasing demand for almost every major country throughout the
world [1]. Consequently, fossil fuel combustion produces a substantial portion of carbon dioxide
(CO2) emissions, making them the primary contributor to global climate change [2,3]. In response,
several governments across the globe have developed legislation and commitments to reduce
carbon emissions entering the atmosphere [4]. Due to these limitations, the power generation sector
faces a difficult challenge: satisfying the rising global energy demand while simultaneously
reducing combustion emissions without substantially sacrificing plant efficiency [5]. Already,
power generation facilities have addressed this problem by adopting carbon capture and
sequestration technology (CCS) into their existing infrastructures.
CCS technology can be broken down into three components. The first element is capturing
CO2 either physically, chemically or biologically pre-combustion, post-combustion, or during
combustion. After successfully capturing CO2, it is transported to a storage site, using large-scale
heavy-duty gas tanks or pipelines. Finally, CO2 can be stored either underground or underwater
for long-term isolation where it will have little impact on geological storage surroundings [6,7].
There are three CCS processes: pre-combustion, post-combustion, and oxy-fuel combustion as
shown in Fig. 1.1. In a pre-combustion, fuel (i.e., natural gas mainly comprised of methane) is
reformed into a mixture of hydrogen and CO2 [8]. Hydrogen then combusts with air providing
cleaner power, while CO2 is separated, captured, and contained. This process is achieved through
absorption or adsorption of fuel mixtures, but at a substantial cost due to its inability to be
retrofitted into current infrastructures [9,10]. Post-combustion uses amines as absorbents to
1

separate low concentrations of CO2 from the plant’s flue gas [11–14]. Although some have
reported this approach to be an attractive solution, there have been some studies highlighting the
safety risks when implementing highly hazardous chemicals used to capture CO2 emissions [15].
Alternatively, oxy-fuel combustion has received growing attention due to its “off the shelf appeal”
and ability to be integrated into current power generation facilities [16].

Figure 1.1 Simplified concepts of CCS processing incorporated into fossil fuel power plants
Oxy-fuel combustion is the process of using pure oxygen for fuel combustion, creating a CO2
and H2O enriched flue gas that can easily be separated and sequestered for future use [17–21]. As
displayed in Fig. 1.2, its components include an air separation unit (ASU), a furnace, and a CO2
capture and compression unit. Most research has focused on the development of the ASU, which
supplies high volumes of pure oxygen at low energy costs. Currently, there are two methods used
as ASUs for oxy-fuel combustion: cryogenic ASU and chemical looping combustion (CLC).

2

Figure 1.2 Simplified concept for oxy-fuel combustion
The first approach, cryogenic ASU, is a complicated process that primarily involves cooling
and compressing air to the point of filtrating nitrogen, producing a large volume of pure oxygen to
be delivered directly to the combustor. Although feasible in practice, cryogenic ASUs still require
a tremendous amount of power to operate, significantly reducing plant output by 12-15% [22–24].
CLC is another method used to separate oxygen from air and deliver it to a combustor [25]. CLC
involves the use of an oxygen carrier that is transported between the two reactors. In the first
reactor, the metal is deoxidized to form the oxide in the presence of air. In the second reactor, the
metal is reduced in the presence of the fuel. Thus direct contact between air and fuel is avoided
[26]. This process, however, is arduous to ensure sufficient energy transfer from the metal reoxidation reactor to the endothermic oxide reduction reactor, requiring the carrier to be
mechanically and thermally stable [27].
An alternative solution incorporates oxygen transport membrane reactors (OTMs) to filter pure
oxygen from air and deliver it directly to the fuel for the application of oxy-fuel combustion. The
3

filtration process occurs at high temperatures (800-900°C) when air is introduced onto one side of
the OTM, while fuel is fed onto the other side. The difference in oxygen concentration across the
OTM creates a chemical gradient, allowing oxygen to be separated from the surrounding air and
be delivered directly to the incoming fuel, producing a nitrogen-free combustion. This permeation
process attributes to the electrochemical material properties of the OTM. The heat generated from
the reaction serves two purposes; (1) maintains the high temperature needed for the OTM to
function, signifying no need for additional equipment; (2) is transferred back through the
membrane to heat the depleted air that feeds into a turbine downstream to generate power. The
exhaust gas from the turbine is then fed into a heat recovery steam generator, producing more
power than an ordinary combined cycle [28]. A portion of the combustion exhaust could also feed
into a “sweeping turbine” for additional power generation.

Figure 1.3 Schematic of oxygen transport membranes for oxy-fuel combustion purposes

4

The oxygen permeation process is achieved by adopting mixed ionic and electronic conductive
perovskite structures into the OTM composition. Since the initial work of Teraoka, perovskite
materials have received growing attention due to their high lattice oxygen ion mobility at elevated
temperatures [29]. The ideal perovskite structure displayed in Fig. 1.4 demonstrates the chemical
composition of perovskite structures: ABO3-ö. As shown, the perovskite material centers around
the B-site cation in a 12-fold coordination, with the A-site cations at the corner of the simple cubic
structure (6-fold coordination), surrounded by oxygen anions are represented at the center of the
cubic edges [30].

Figure 1.4 Ideal perovskite structure
A-site cations are primarily composed of alkaline earth metals or lanthanide ions, while B-site
cations are mainly composed of transition metals [31]. Mixed conductivity can be achieved in the
perovskite structure by the partial substitution on the A-site of a cation with a differing oxidation
state relative to the initial A-site cation. The doping strategy results in the electrical neutrality
becoming sustained by the formation of oxygen vacancies, which facilitates oxygen ion mobility.
5

Furthermore, the different oxidation state of the B-site cation allows electron hopping through the
valence metals. The variation of oxygen in the perovskite structure is denoted by the oxygen
nonstoichiometric coefficient (δ) in its chemical formula.
Over the past two decades, several researchers have attempted to develop new perovskite
materials that exhibit a high oxygen permeation flux and excellent chemical stability [32,33].
However, for the application of oxy-fuel combustion, OTMs face several challenges that they must
overcome before being implemented. Firstly, OTM performance is primarily controlled by its
material composition which requires substantial experimental investigation, signifying the need
for developing a computational model that evaluates the oxygen permeation performance of
perovskite-type structures. Secondly, OTMs have been utilized for the partial oxidation of methane
to produce syngas, but there has been little work confirming the feasibility of OTMs as
simultaneous separation and methane combustion units [34–38]. Thirdly, perovskite structures
have been previously discovered to exhibit poor chemical stability under high concentrations of
CO2, threatening the legitimacy of OTMs [39–42]. An alternative to developing new CO2-tolerant
materials are dual-phase OTMs which combine a high performing perovskite material with a CO2tolerant additive to maintain high oxygen permeability and chemical stability. Lastly, current
experimental research significantly lacks standard methods for evaluating OTMs for the
application of oxy-fuel combustion. If OTMs are to be implemented to mitigate CO2 emissions,
there must be a developed methodology that utilizes material science and combustion findings,
further connecting this interdisciplinary research.

1.2 Objectives
A series of single and dual-phase OTMs were synthesized to evaluate their oxygen permeation
performance and potential application for oxy-fuel combustion. Specifically, the material
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properties of the overall membrane were studied including phase structure, morphology, chemical
stability, total conductivity (ionic and electronic conductivity), diffusivity, and the oxygen
permeability performance under varying surrounding conditions. The objectives of this thesis were
as follows:
1. Identify and compare the oxygen diffusivity (ionic conductivity) results obtained from
experimental and computational methods
2. Study the oxygen permeation performance of single phase OTMs for methane combustion
3. Investigate the oxygen permeability and chemical stability of single and dual-phase OTMs
subjected to potentially degrading environments (CO2 rich atmospheres)
4. Determine the material properties and oxygen permeation performance of dual-phase
OTMs for the application of oxy-fuel combustion
5. Develop a simplified methodology that evaluates OTM performance on an experimental
level while establishing a standard for the application of oxy-fuel combustion

1.3 Research Scope
The scope of this work consists of three major components:
First, the diffusivity and oxygen permeation performance of a perovskite-type material were
determined using experimental and computational methods. Due to its demonstrated higher
oxygen permeation performance and chemical stability, SrSc0.1Co0.9O3-ö (SSC) was the selected
material used in these studies [43–45]. SSC OTM samples were fabricated using a dry pressing
technique. SSC diffusivity was determined using electronic conductivity relaxation technique
(ECR) and thermogravimetric analysis (TGA). Simultaneously, a molecular dynamics simulation
(MDS) of SSC was developed to determine the oxygen ion diffusivity through the perovskite-type
material. Furthermore, the oxygen permeation performance was investigated under similar
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conditions to those used for oxy-fuel combustion (e.g., high membrane temperatures and sweeping
gas flow rates).
Second, the material properties and performance of dual-phase OTMs were evaluated by
modifying the weight ratio between SSC and a CO2-tolerant additive material. A doped-ceria
material, specifically Sm0.2Ce0.8O1.9-ö (SDC), was selected as the stable additive material because
of their thermal compatibility with perovskite-type structures, high ionic conductivity, and
reported high tolerance to acidic gases, such as CO2 [46–49]. Several properties were investigated
pre- and post-exposure to CO2. Morphology properties including phase structure and chemical
stability of the mixed materials were determined by X-ray diffraction (XRD) and Scanning
Electronic Microscopy (SEM). Total conductivity was measured by a four-probe D.C. method.
The oxygen permeability characterized by permeation measurements in different atmospheres
under varying temperature, surrounding oxygen concentrations, and sweeping gas compositions
(e.g., helium, methane, CO2).
Third, to combine material science and combustion approaches used to investigate the oxygen
permeation performance, a methodology for estimating the total oxygen permeation flux of OTMs
from standard permeation experiments was developed. A high performing dual-phase OTM was
used to investigate the oxygen permeation flux using a methane/CO2 sweeping gas at different
membrane temperatures and sweeping gas flow rates. These results were then fitted to estimate the
average oxygen permeation flux and provides an approximate OTM size needed to perform a
complete combustion.
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1.4 Dissertation Organization
Chapter 1 introduces the general background and motivation for implementing OTMs for the
application of oxy-fuel combustion. A summary of lagging research is identified supporting the
listed objectives and research scope of this dissertation.
Chapter 2 is a literature review of previous work that further supports the methods and findings
presented in this dissertation. The major topics in this section include oxygen permeation
fundamentals, current material developments, membrane stability in acidic environments, and
OTMs’ current and potential applications. Research gaps in the existing literature are also detailed,
further supporting the pursuit of this work.
Chapter 3 reports the oxygen diffusivity through an SSC perovskite structure at varying
temperatures using MDS and experimental analysis. MDS determines the oxygen diffusivity by
investigating the interaction between each ion in the perovskite structure using an empirical
potential function. Experimentally, the oxygen diffusivity is determined using conductivity
relaxation methods. Findings from the computational and experimental methods are compared
suggesting a new approach in the development of new perovskite materials.
Chapter 4 focuses on the performance of a perovskite-type SSC and La0.6Sr0.4C0.2Fe0.8O3-δ
(LSCF) OTMs for methane combustion under various conditions. These conditions include
membrane temperature, sweeping gas flow rate, and material composition. Key trends that impact
the oxygen permeation flux are identified, laying the foundation for implementing OTMs for the
application of oxy-fuel combustion.
Chapter 5 studies the material properties of dual-phase OTMs when exposed to CO2
atmospheres. The membranes chemical structure, morphology, total conductivity, and oxygen
permeation performance are evaluated experimentally and compared pre- and post-CO2 exposure.

9

Chapter 6 offers further insight into the performance of dual-phase OTMs for methane
combustion. A detailed understanding of ion mobility in composite materials relative to single
phase membranes is provided. Other membrane characteristics of dual-phase compositions such
as chemical structure, total conductivity, and morphology are also reported.
Chapter 7 presents a new methodology for predicting the overall oxygen permeation
performance of an OTM composition using established experimental methods. An innovative and
resilient composite OTM is investigated under varying sweeping gas compositions, to simulate the
different gas compositions that occur as a fuel stream moves across an OTM. The oxygen
permeation flux results are compiled to establish a relationship between permeation performance
and methane concentrations. The data also provide further insight into the OTM design parameters
needed for a complete oxy-fuel combustion.
Chapter 8 summarizes the discoveries from these works and key findings that may prove
significant for implementing OTMs for the application of oxy-fuel combustion. Additionally,
based on this work’s conclusions, recommendations are presented that suggest future research
endeavors that improve the potential for OTMs to become a reality.
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Chapter 2 Literature Review
2.1 Introduction
Since their initial development, oxygen transport membranes reactors (OTMs) have become
one of the most promising technologies to produce large volumes of oxygen at high temperatures
[50]. Already there have been several studies that highlight OTM utilization over cryogenic
distillation process for oxy-fuel combustion [22,51,52]. As previously stated in Chapter 1, OTMs
have an advantage over other technologies because of its capture and combustion performance at
low energy costs [28].
OTMs oxygen semi-permeability attributes to the partial substitution in the A and B cations
sites of the perovskite lattice structure, which facilitate the formation of oxygen vacancies via
defect reactions. The OTM provides an oxygen permeation flux when exhibiting oxygen vacancies
throughout its membrane structure. The creation of oxygen vacancies is achieved by maintaining
high membrane temperatures (>800°C). Therefore, OTMs require a substantial heating source to
be utilized for oxy-fuel combustion.
When applied as a reactor for oxy-fuel combustion, OTMs can simultaneously act as an air
separation and combustion unit, providing the heat needed to maintain an oxygen permeation flux
as well as generate power. As shown in Fig. 2.1, if the OTM can initially achieve a high
temperature from the heated air on the feed side, fuel (i.e., methane) can be introduced onto one
side of the OTM, creating an oxygen chemical gradient across the membrane. The oxygen
chemical gradient allows oxygen to permeate through the membrane and be delivered to the fuel.
The permeated oxygen can then react with the incoming fuel producing a high temperature,
nitrogen-free, and rich CO2 exhaust stream. The heat produced from the reaction can then be used
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to generate power, and more importantly to sustain the membrane temperature needed to maintain
an oxygen permeation flux.

Figure 2.1 Schematic of OTM utilized for the application of oxy-fuel combustion
If OTMs are to become a reality eventually, several challenges need to be overcome. These
challenges include ensuring the OTM exhibits a high oxygen permeation flux and maintains
mechanical and chemical stability under all operating conditions. In summary, OTMs legitimacy
depends on its lasting performance and durability, which directly relate to its material properties.

2.2 Understanding the oxygen transport through the membrane
The mixed ionic and electronic conductivity (MIEC) of perovskite materials is the basis for
oxygen permeability. The ionic conductivity of the perovskite material accounts for oxygen ion
mobility through vacancies within the membrane. The electron conductivity of the perovskite-type
material enhances the materials catalytic ability towards oxygen reduction on the surface. The
conductive properties of the OTM can be enhanced by doping low valence cations on the A or B
site, facilitating the formation of oxygen vacancies. When exposed to oxygen at high temperatures,
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the oxygen vacancies on the perovskite structure become occupied with oxygen ions and are then
charge compensated by the presence of two electron holes. Equation 2.1 details this phenomenon
in Kröger-Vink notation where VO.. is the oxygen vacancy, OXO is the occupied oxygen vacancy, h.
is the electron holes, and kf and kr are the forward and reverse reaction rates, respectively.
1
2

𝑘𝑓 /𝑘𝑟

𝑂2 + 𝑉𝑂.. ↔

𝑂𝑂𝑋 + 2ℎ.

(Eq. 2.1)

As seen from Fig. 2.1 and described in Eq. 2.1, ionic mobility is charge compensated by the
transport of electrons in the reverse direction. However, most perovskite materials have a
substantially smaller ionic conductivity than electronic conductivity because of the higher mobility
in the electron carriers compared to the ionic carriers within the perovskite structure [53].
Therefore, the ionic mobility within the perovskite material is a substantial factor in the membranes
oxygen permeation performance.

2.3 Oxygen permeation process
Figure 2.2 breaks down the oxygen permeation process, detailing the ionic and electronic
transport driven by the oxygen partial pressure gradient across the membrane.
Step 1) The membrane is heated to an elevated temperature where a sweeping gas (i.e., fuel) is
introduced to one side of the membrane, creating an atmosphere with little to no
concentration of oxygen. The opposing side is exposed to an atmosphere with a high
concentration of oxygen (i.e., air). The major difference in the oxygen concentration
creates a significant oxygen partial pressure gradient across the entire membrane.
Step 2) Motivated by the partial pressure gradient, gaseous oxygen on the feed side of the
membrane approaches the membrane surface (advection and diffusion).
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Step 3) Oxygen molecules are adsorbed onto the membrane surface where they begin to
dissociate and ionize into oxygen ions. Oxygen ions begin to fill oxygen vacancies
performing a surface exchange reaction (Eq. 2.1) on the feed side.
Step 4) Oxygen ions transfer through the membrane via bulk diffusion and are charge
compensated by electrons moving through electron holes in the reverse direction.
Step 5) Oxygen ions reach the permeation side where they are re-oxidized via surface exchange
reaction (Eq. 2.1), leaving the remaining electrons to transfer back through the membrane
via electron holes.
Step 6) Oxygen molecules then feed into the sweeping gas stream and react with the incoming
fuel (advection and diffusion).

Figure 2.2 Steps for oxygen transport through OTM
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The oxygen permeation process is limited by the materials properties of the membrane. More
specifically, the resistance of the permeation process is constrained by the surface exchange on the
air feed side (i.e., adsorption and ionization), the bulk diffusion of the oxygen ions through the
OTM, and the surface exchange on the permeation side (i.e., desorption and recombination). When
the oxygen permeation flux reaches a relatively stable state, the slowest step determines the overall
oxygen transport through the OTM. For example, thick membranes are limited by bulk diffusion
since the surface exchange reaction occurs at a faster rate, whereas in thin membranes the bulk
diffusion is faster, leaving the surface exchange rate on both sides of the OTM to limit the
permeation performance. In most experiments, to ensure a robust mechanical integrity, OTMs are
typically thick, signifying that bulk diffusion limits the permeation flux.
The relation between the oxygen permeation flux (𝐉𝐎𝟐 ) and bulk diffusion can be described
using the Wagner’s model [54]. This model assumes the membrane is under steady-state
conditions and is detailed in Eq. 2.2:

𝐽𝑂2 =

𝑙𝑛𝑝𝑂2′ 𝜎𝑒 𝜎𝑖𝑜𝑛
− 2 ∫𝑙𝑛𝑝𝑂′′
16𝐹 𝐿
2 𝜎𝑒 +𝜎𝑖𝑜𝑛
𝑅𝑇

∙ 𝜕ln(𝑝𝑂2 )

(Eq. 2.2)

where σion and σe are the ionic and electronic conductivities, respectively, L is the thickness of
the membrane, R is the universal gas constant, F is Faraday’s constant, T is the absolute
temperature and pO′2 and pO′′
2 is the partial pressure of oxygen on the air feed and permeation side,
respectively.
As previously stated, the ionic mobility is usually far less than the electronic mobility due to
the superior electronic carries in the perovskite structure (σe ≫ σion ) [53]. This simplifies
Wagner’s equation to:

𝐽𝑂2 = −

𝑙𝑛𝑝𝑂2′
𝜎
∫
16𝐹 2 𝐿 𝑙𝑛𝑝𝑂2′′ 𝑖𝑜𝑛
𝑅𝑇
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∙ 𝜕ln(𝑝𝑂2 )

(Eq. 2.3)

Assuming a constant ionic conductivity throughout the entire OTM and identifying the difference
of the oxygen partial pressure across the membrane as the chemical potential gradient through the
lnpO′

bulk (∆μO2 = RT ∫lnpO′′2 ∂ln(pO2 )), Eq. 2.3 can be further reduced to:
2

𝐽𝑂2 = −

𝜎𝑖𝑜𝑛
16𝐹 2 𝐿

∆𝜇𝑂2

(Eq. 2.4)

Equation 2.4, also known as the Nernst-Planck equation, shows that the ionic conductivity and
the oxygen chemical gradient across the membrane directly improve the oxygen permeation flux.
Equation 2.4 also demonstrates the influence of the membrane thickness (L) which is shown to
diminish the oxygen permeation flux as the membrane thickness increases.
Theoretically, Eq. 2.4 could be used to approximate the oxygen permeation flux if bulk
diffusion limited the membrane's performance. However, the ionic conductivity is extremely
difficult to measure experimentally but can be determined by identifying the perovskite materials
oxygen diffusivity. Looking at Nernst-Einstein relationship (Eq. 2.5), the ionic conductivity
relative to the average oxygen diffusion coefficient (DO ) is shown as:

𝜎𝑖𝑜𝑛 =

4𝐹 2 𝐶𝑂 𝐷𝑂
𝑅𝑇

(Eq. 2.5)

where (CO ) average molar concentration of oxygen residing vacancies in the perovskite structure.
This equation considers the diffusion coefficient over a range of pO2 throughout the entire
membrane structure which is challenging to estimate at local areas residing within the OTM. The
average oxygen diffusion coefficient relates to the oxygen chemical diffusion coefficient by a
thermodynamic factor as shown in Eq. 2.6:

𝐷𝐶ℎ𝑒𝑚 ≈ 𝐷𝑂

𝜕ln(𝑝𝑂2 )
2𝜕ln(𝐶𝑂 )

(Eq. 2.6)

The oxygen chemical diffusion coefficient (DChem ) is the oxygen ion mobility at varying pO2
atmospheres. DChem can be found from ECR while the thermodynamic factor depicted in Eq. 2.6
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can be obtained experimentally from a TGA, resulting in an experimental method to determine the
ionic conductivity [55–57].
Despite its novelty, the model presented in Eq. 2.4 does not always directly correspond to the
oxygen permeation flux. Previous literature has derived a characteristic thickness (Lc ), in which
the oxygen permeation flux transitions from being limited by the bulk diffusivity to the surface
exchange reactions [37,58,59]. For perovskite materials in which the ionic conductivity is
significantly smaller than the electronic conductivity, the characteristic thickness is the ratio
between the average oxygen diffusion coefficient and the surface exchange coefficient (K ex ):

𝐿𝑐 =

𝐷𝑂

(Eq. 2.7)

𝐾𝑒𝑥

As OTM research developed further to produce thinner membranes using a porous catalyst
supports, there was a greater need for developing an all-encompassing OTM model that accounts
for the bulk diffusion and surface exchange reactions on both sides of the membrane. The surface
exchange reactions, previously described in Eq. 2.1, represent the ionization and re-oxidation of
oxygen on the feed and permeation side of the membrane, respectively. The dynamic equilibrium
equations of the surface exchange reactions, by the law of mass action, can be written as:
′

𝐽𝑂2 = 𝑘𝑓 (𝑝𝑂2′ )0.5 𝐶𝑂 ′ − 𝑘𝑟 [𝑂𝑂𝑋 ][2ℎ.′ ]2
′′

𝐽𝑂2 = 𝑘𝑟 [𝑂𝑂𝑋 ][ℎ.′′ ]2 − 𝑘𝑓 (𝑝𝑂2′′ )0.5 𝐶𝑂 ′′

(Eq. 2.8)
(Eq. 2.9)

In previous research, the reverse reaction has been assumed to be independent of the
concentration of oxygen and electron holes at steady state, meaning Eq. 2.8 and 2.9 reduce to:
0.5

𝐽𝑂2 = 𝑘𝑓 (𝑝𝑂′2 )

𝑜

𝐶𝑂 ′ − 𝑘 𝑟

(Eq. 2.10)

0.5

𝑜

𝐽𝑂2 = 𝑘𝑟 − 𝑘𝑓 (𝑝𝑂′′2 ) 𝐶𝑂 ′′
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(Eq. 2.11)

where k or is the zero-order reverse reaction rate constant [60]. A relationship between the oxygen
partial pressure and the vacancy concentration that influences the oxygen permeation flux is
observed from Eq. 2.10 and 2.11. The consideration presented here attributes to the presence of
oxygen ions within the lattice structure to the driving force behind the oxygen permeation flux.
Furthermore, Eq. 2.10 and 2.11 differ from Eq. 2.4, by considering the partial pressure gradient
across the membrane to the oxygen ions mobility from the air to permeation side.
The ionic mobility of oxygen through the membrane has been represented using the NernstEinstein relation (Eq. 2.5) but does not necessarily represent ion mobility through oxygen
vacancies within the perovskite structure. The vacancy flux (JV ) can be described by transforming
the Nernst-Planck equation (Eq. 2.4) and using the correlation between the chemical potential
gradient and the concentration of oxygen vacancies (∆μO2 = RT∆lnCO ) resulting in:

𝐽𝑉 = −𝐷𝑂

𝜕𝐶𝑂
𝜕𝑥

(Eq. 2.12)
1

Considering that the oxygen permeation flux is double of the negated vacancy flux (JO2 = − 2 JV),
the new relation between the bulk diffusion and oxygen permeation flux is written as follows:

𝐽𝑂2 =

𝐷𝑂
′′
(𝐶
𝑂
2𝐿

− 𝐶′𝑂 )

(Eq. 2.13)

Through a combination of Eq. 2.10, 2.11, 2.13, the oxygen permeation flux is represented as:
𝑜

𝐽 𝑂2 =

𝐷𝑂 𝑘𝑟 ((𝑝𝑂′2 )
2𝐿𝑘𝑓 (𝑝𝑂′2 𝑝𝑂′′2 )

0.5

0.5

−(𝑝𝑂′′2 )

+𝐷𝑂 ((𝑝𝑂′2 )

0.5

0.5

)

+(𝑝𝑂′′2 )

(Eq. 2.14)

0.5

)

Equation 2.14 is an oxygen permeation flux model that combines the resistances of the bulk
diffusion and surface exchange reactions on the feed and permeation side. To quantitively
determine the permeation resistance of the bulk diffusion and both surface exchange kinetics, Eq.
2.14 can be broken down into three separate components. This can be achieved by identifying the
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surface exchange coefficient at the feed and permeation, as a relation between the oxygen
permeation flux and the difference in the oxygen vacancy concentrations relative to their
equilibrium state:
′
′
𝐽𝑂2 = 𝑘𝑒𝑥
(𝐶𝑂′ − 𝐶𝑂,𝑒𝑞
)

(Eq. 2.15)

′′
′′
𝐽𝑂2 = 𝑘𝑒𝑥
− 𝐶𝑂′′ )
(𝐶𝑂,𝑒𝑞

(Eq. 2.16)

In comparison to Eq. 2.10 and 2.11, the surface exchange coefficients on the feed and
permeation side directly relate to the forward surface exchange coefficient and partial pressure on
the respective membrane side. Therefore:
′
𝑘𝑒𝑥
= 𝑘𝑓 (𝑝𝑂2′ )0.5

(Eq. 2.17)

′′
𝑘𝑒𝑥
= 𝑘𝑓 (𝑝𝑂2′′ )0.5

(Eq. 2.18)

Using these two equations, Eq. 2.14 can be re-written as:

𝐽𝑂2 =

−0.5
−0.5
𝑘𝑟
((𝑝𝑂2′′ )
−(𝑝𝑂2′ )
)
𝑘𝑓
1
2𝐿
1
+ +
𝑘′𝑒𝑥 𝐷𝑂 𝑘′′
𝑒𝑥

=

∆(𝑝𝑂2 )
′
′′
𝑅𝑒𝑥 +𝑅𝑑𝑖𝑓𝑓 +𝑅𝑒𝑥

=

∆(𝑝𝑂2 )
𝑅𝑡

(Eq. 2.19)

−0.5
where ∆(pO2 ) = (k r /k f )((pO′′
− (pO′2 )−0.5 ) is the pressure driving force across the
2)

membrane, R t is the total permeation resistance broken down into the bulk diffusion resistance
(R diff = 2L/Do ) and the surface exchange resistance (R′ex + R′′ex ) on the feed (R′ex = 1/k ′ex =
′′ 0.5
1/k f (pO′2 )0.5) and permeation sides (R′′ex = 1/k ′′
ex = 1/k f (pO2 ) ). The value in the numerator

can be identified as the driving oxygen partial pressure difference across the entire membrane
∆(pO2 ).If any one of these steps is determined to be the rate limiting steps, then Eq. 2.19 is
dominated by the corresponding resistance, as simplified to one of the following three equations:
Rate determined by surface exchange kinetics on the feed side:
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𝐽𝑂2 =

∆(𝑝𝑂2 )

(𝑝𝑂2′ )

0.5

− 1]

(Eq. 2.20)

[(𝑝𝑂2′′ )−0.5 − (𝑝𝑂2′ )−0.5 ]

(Eq. 2.21)

′
𝑅𝑒𝑥

= 𝑘𝑟 [(

)
(𝑝𝑂′′ )
2

Rate determined by bulk diffusion:

𝐽𝑂2 =

∆(𝑝𝑂2 )
𝑅𝑑𝑖𝑓𝑓

=

𝐷𝑂 𝑘𝑟
2𝐿𝑘𝑓

Rate determined by surface exchange kinetics on the permeation side:

𝐽𝑂2 =

∆(𝑝𝑂2 )
′′
𝑅𝑒𝑥

= 𝑘𝑟 [1 − (

(𝑝𝑂2′′ )
(𝑝𝑂2′ )

0.5

)

]

(Eq. 2.22)

These equations can be used to predict the oxygen permeation performance based on the
dominant rate-limiting step. For example, if the permeation process is determined to be limited by
bulk diffusion (Eq. 2.20), an increase in the oxygen partial pressure on the feed side would improve
the oxygen permeation flux. If the exchange kinetics constrains the permeation performance on
the oxygen permeation side, then a decrease in the oxygen partial pressure on the permeation side
would improve the oxygen permeation flux. Several researchers have been able to fit
experimentally determined oxygen permeation fluxes using this model [60,61]. In some cases, to
preserve the mechanical integrity of the OTM, the membrane thickness is larger than the
characteristic thickness, signifying that bulk diffusion is the rate-limiting step.

2.4 Current developments of OTMs with high oxygen permeation flux
2.4.1 Perovskite structure’s influence on oxygen permeability
Although these equations are helpful in predicting the oxygen permeation flux under varying
partial pressures, the membrane’s performance is primarily governed by the average oxygen
diffusion (DO ) and surface exchange coefficients (k r and k f ). These parameters are mainly
functions of temperature, directly improving the oxygen permeability with an increase in the
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membrane temperature. Another method for improving these parameters is through doping
strategies to advance the mixed conductivity of the perovskite structure.
As previously stated, A-site cations are typically occupied by large alkali earth metals (e.g.,
La, Ba, or Sr) while the B-site is comprised of smaller transition metal ions with different valence
states (e.g., Co or Fe). Atoms on the A-site tend to determine the concentration of vacancies within
the lattice structure by their larger atomic radii which cause distortion effects in the perovskite
structure [62]. B-site atoms control the ionic and electronic mobility that preserve the charge
neutrality as ions move through the structure [63,64]. As shown in Table 2.1, researchers have
explored a wide variety of materials that further enhance the distortion and mixed ionic and
electronic conductivity of perovskite structure. Much of the current research has focused on Ba1xSrxFe1-yCoyO3-δ

or La1-xSrxFe1-yCoyO3-δ with some varying combinations of other elements on the

A or B-site to either improve performance/conductivity or stability. Table 2.1 lists the oxygen
permeation performance of some perovskite oxides.
Table 2.1 Summary of MIEC membrane oxygen permeation flux performances
Composition

Temperature
(°C)

BaBi0.5Co0.2Fe0.3O3-δ

800-925

Oxygen
Permeation
Flux at given
temperature
(ml.min-1.cm-2)
0.37-0.75

BaBi0.4Co0.2Fe0.4O3-δ
BaBi0.2Co0.2Fe0.6O3-δ

800-925
800-925

BaCe0.4Fe0.6O3-δ
BaCe0.2Fe0.8O3-δ
BaCe0.15Fe0.85O3-δ
BaCo0.4Fe0.5Zr0.1O3-δ
Ba0.5Sr0.5Co0.8Fe0.2O3-δ
Ba0.5Sr0.5Co0.8Fe0.2O3-δ
BaTi0.2Co0.4Fe0.4O3-δ
BaTi0.2Co0.5Fe0.3O 3-δ
Gd0.6Sr0.4CoO3-δ
La0.6Ba0.4Co0.8Fe0.2O3-δ
La0.4Ba0.6Co0.2Fe0.8O3-δ

Shape

Thickness
(mm)

Sweeping
Gas

Ref

Disk

1.5

Helium

[65]

0.41-0.80
0.27-0.75

Disk
Disk

1.5
1.5

Helium
Helium

[65]
[65]

800-950
800-950
800-950
700-950
850-950
850-950

0.10-0.24
0.13-0.39
0.23-0.52
0.26-0.92
0.12-2.10
1.89-4.39

Disk
Disk
Disk
Disk
Disk
Tube

1-1.5
1-1.5
1-1.5
1
1.8
0.22

Helium
Helium
Helium
Helium
Helium
Helium

[66]
[66]
[66]
[42]
[42]
[67]

600-950
600-950
820
860
900

0.00-0.65
0.00-0.9
1.58
2.06
0.72

Disk
Disk
Disk
Disk
Disk

1 to 2
1 to 2
1.5
1.5
0.55

Helium
Helium
Helium
Helium
Helium

[68]
[68]
[69]
[69]
[70]
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Composition

Temperature
(°C)

La0.6Ca0.4Co0.8Fe0.2O3-δ
La0.4Ca0.6Co0.2Fe0.8O3-δ
LaCo0.8Fe0.2O3-δ
La0.6Na0.4Co0.8Fe0.2O3-δ
La0.6Sr0.4CoO3-δ
La0.6Sr0.4CoO3-δ

860
900
860
860
870
850

Oxygen
Permeation
Flux at given
temperature
(ml.min-1.cm-2)
1.83
0.19
0.02
0.27
0.51
0.54

La0.6Sr0.4CoO3-δ
La0.6Sr0.4CoO3-δ
La0.6Sr0.4Co0.8Cr0.2O3-δ
La0.6Sr0.4Co0.8Cu0.2O3-δ
La0.6Sr0.4Co0.2Fe0.8O3-δ
La0.6Sr0.4Co0.4Fe0.6O3-δ

850
820-860
860
860
850-900
1000-1100

La0.6Sr0.4Co0.8Fe0.2O3-δ
La0.4Sr0.6Co0.2Fe0.8O3-δ
La0.2Sr0.8Co0.4Fe0.6O3-δ
La0.6Sr0.4Co0.8Mn0.2O3-δ
La0.6Sr0.4Co0.8Ni0.2O3-δ
La0.9Sr0.1FeO3-δ

Shape

Thickness
(mm)

Sweeping
Gas

Ref

Disk
Disk
Disk
Disk
Disk
Disk

1.5
0.55
1.5
1.5
1
0.24-1.3

Helium
Helium
Helium
Helium
Helium
Helium

[69]
[71]
[69]
[69]
[44]
[72]

0.02
0.72
0.57
1.90
0.05-0.14
0.03-0.17

Disk
Disk
Disk
Disk
Tube
Disk

1
1.5
1.5
1.5
0.219
1

Helium
Helium
Helium
Helium
Argon
Helium

[73]
[69]
[69]
[69]
[74]
[30]

860
900
1000-1100
860
860
1000

0.62
0.11
0.17-0.50
0.50
1.45
0.03

Disk
Disk
Disk
Disk
Disk
Disk

1.5
0.55
1
1.5
1.5
1

Helium
Helium
Helium
Helium
Helium
Helium

[69]
[30]
[30]
[69]
[69]
[70]

La0.8Sr0.2FeO3-δ
La0.7Sr0.3FeO3-δ
La0.6Sr0.4FeO3-δ
La0.8Sr0.2Ga0.7Co0.3O3-δ
La0.8Sr0.2Ga0.7Fe0.3O3-δ
La0.8Sr0.2Ga0.7Ni0.3O3-δ

1000
1000
1000
700-1000
700-1000
700-1000

0.13
0.22
0.35
0.31-1.48
0.59
0.35

Disk
Disk
Disk
Disk
Disk
Disk

1
1
1
0.5
0.5
0.5

Helium
Helium
Helium
Methane
Methane
Methane

[70]
[70]
[70]
[75]
[75]
[75]

Nd0.6Sr0.4CoO3-δ
Pr0.6Sr0.4CoO3-δ
Sm0.6Sr0.4CoO3-δ
Sr0.5Bi0.5FeO3-δ
SrCoO3-δ
SrCo0.8Fe0.2O3-δ

820
820
820
825-925
850-1000
850

1.03
0.93
1.19
0.17-0.54
0.00-0.45
0.23

Disk
Disk
Disk
Disk
Disk
Disk

1.5
1.5
1.5
1
1
1

Helium
Helium
Helium
Argon
Helium
Helium

[69]
[69]
[69]
[76]
[73]
[73]

SrCo0.8Fe0.2O3-δ

780-850

0.11-0.73

Disk

1-5.5

Helium

[77]

SrCo0.8Fe0.2O3-δ

850-950

0.87-1.25

Disk

1.5

Helium

[42]

As seen in Table 2.1, most of the reported performance of membranes fall below 1 ml.min1

.cm-2, signifying a lack of high performing perovskite materials. Furthermore, many of the

developed materials that exhibit a high oxygen permeation flux (>1 ml.min-1.cm-2) do so at the
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expense of chemical stability or mechanical strength, which are both important factors when
implementing this technology for the application of oxy-fuel combustion [78,79].
2.4.2 Oxygen permeation performance in CO2 environments
In addition to the lack of materials with a high oxygen permeation flux, OTMs face another
significant challenge that threatens their legitimacy. Looking back at Fig. 2.1, it is clear to see that
incoming fuel will react as it moves through the reactor, creating a rich product stream, primarily
comprised of CO2. However, since the A-site of perovskite-type oxide is alkaline-earth element, it
has the potential to react with CO2 to form a carbonate [80]. The formation of carbonates could
severely damage the membrane by modifying the material’s structure and conductive properties,
that results in a poor oxygen permeation performance [81,82]. There has been some initial work
to develop single crystal structures that can maintain chemical stability in CO2 enriched
environments, but at the expense of the membrane’s oxygen permeation performance using inert
or fuel sweeping gases [41,83–95]. Alternatively, dual-phase membranes are an innovative
solution to deliver a high oxygen permeation flux throughout the entire OTM while exhibiting CO2
tolerability further downstream.
Dual-phase membranes are comprised of two materials with different atomic structures, ionic
and electronic conductive properties and resistances towards destructive gases. For instance, a
dual-phase membrane that combines a mixed ionic and electronic conductive perovskite material
with an exclusively ionic conductive material can transport oxygen ions through both membrane
materials while carrying remaining electrons back entirely through the perovskite material (Fig.
2.3, left side). If the exclusively ionic conductive material exhibits a high resistivity towards acidic
gases, oxygen ions would still be able to transport through the membrane, as long as electron
pathways are present. Potentially, after the formation of carbonates on the A-site, the modified
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perovskite-type structure could still conduct electrons through the -O-B-O-B-O- pathways, due to
the B-site ions forming oxides and exhibiting high electronic conductive properties [83,96,97].
This suggests that the addition of a stable ionic conductive material to a perovskite composition
could permit OTMs to function in both inert (e.g., helium) and acidic (e.g., CO2) environments
(Fig. 2.3, right side).
In most instances, dual-phase OTMs have implemented doped-ceria materials as the stable
additive to maintain the oxygen permeation performance in acidic environments [49,84,89,98–
112]. Doped ceria materials, such as Sm0.2Ce0.8O1.9-δ (SDC) or Sm0.1Ce0.9O2.0-δ, have been used as
additional electrolyte layers in solid oxide fuel cells (SOFCs) mainly due to their high ionic
conductivity and thermal compatibility with SOFC cathode materials (perovskite structure) [46–
49,113]. An alternative to zirconia materials are doped ceria materials which have a fluorite-type
cubic structure that is complementary to the SSC perovskite-type material; the lattice constants for
SDC/GDC and SSC creates a coherent interface between both materials [114]. Most importantly
SDC has been shown to have no interaction and high tolerance to acidic gases (i.e., CO2 sweeping
gases) making it a prime candidate for an additive material to OTM [107,109,112].
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Figure 2.3 Ion and electron transportation through dual-phase membrane before (left side) and
after (right side) carbonate formation on perovskite material
A potential problem with dual-phase OTMs is the addition of highly ionic conductive materials
within the membrane which can limit oxygen permeation performance in the presence of inert/fuel
gas streams. An exclusively mixed ionic-electronic conductive OTM can reduce, via surface
reaction, surrounding oxygen anywhere on the surface. However, the addition of a purely ionic
conductive material, limits the number of electron pathways leading to the surface, thus reducing
the surface exchange reaction between the membrane and surrounding air. Therefore, research
must determine a dual-phase composition ratio that limits the addition of a resilient ionic
conductive material, to reduce the sacrifice of the oxygen permeation performance in inert and fuel
environments while maintaining stability in acidic CO2 atmospheres.

2.5 Application of OTMs
OTMs have received growing attention over the past few years because of their ability to
deliver large volumes of oxygen at lower energy costs relative to conventional oxygen separation
techniques. Air Products and Chemical, Inc. have already developed a sizeable scale-up process
using a wafer-stack configuration for the partial oxidation of methane to syngas [115]. Praxair,
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Inc. is another industry leader that has adopted a scale-up OTM design that incorporates tubular
channels to produce syngas [116]. Alternative to Air Products and Chemical, Inc., Praxair, Inc.
recirculates small amounts of syngas into the OTMs to further enhance the oxygen permeation
flux. The OTM exhaust is then combined with methane and fed into an OTM tube packed catalyst
for auto-thermal reforming for the production of syngas [116]. Although this technique sacrifices
some of the produced syngas for recirculation, it benefits from the resulting higher oxygen
permeation flux due to the presence of fuel.
Both scale-up processes encourage the potential for incorporating OTM technology into
current power plants to mitigate carbon emissions, which some denote as advanced zero emission
power plants (AZEPs). A simplified AZEP model was detailed in Fig. 1.3, in which depicts
pressurized air flowing over the feed side of the OTM, while fuel (i.e., natural gas) and a portion
of recycled CO2 is fed into the sweeping side of the membrane to enhance the oxygen permeation
flux [117]. The permeated oxygen reacts with the fuel, producing heat to sustain the OTM’s
permeability as well as to generate power [52,118–120]. Already several computational models
have been developed to evaluate OTM performance and operation efficiency, with some results
showings a 50% reduction in the energy penalty compared to other air separation technologies
[121–124]. Presently, however, there is little experimental work that complements these models,
signifying a greater need to explore research fundamentals for implementing OTMs for the
application of oxy-fuel combustion.

2.6 Summary and Conclusions
In this chapter, OTM fundamentals and their relation to the oxygen permeation performance
were discussed. The oxygen transport mechanisms and limitations are explained using developed
models while pinpointing key components that influence oxygen permeability (i.e., structure, ionic
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and electronic conductivity, and partial pressure of oxygen on either side of the OTM).
Additionally, the potential degradation of OTMs from CO2 atmospheres is also discussed,
highlighting dual-phase compositions as a possible solution for maintaining the membrane’s
chemical and mechanical stability. Lastly, the application of OTMs for simultaneous oxygen
separation and combustion is also presented.
From this summary of the current and previous research, it can be concluded that:
(1) The performance of the OTM is primarily governed by its rate-limiting step, determined
by the characteristic thickness of the membrane. Due to the materials limited ionic
mobility, OTM’s oxygen permeation performance is limited by bulk diffusion (i.e., the
ionic mobility through the membrane). Furthermore, the ionic conductivity is very
difficult to quantify due to the mixed ionic and electronic conductivity of the perovskitetype material, suggesting the need for an innovative method to determine oxygen ionic
mobility through the membrane.
(2) OTMs are made of perovskite-type materials due to their mixed ionic and conductive
properties. Currently, most of the developed materials exhibit a low oxygen permeation
flux (<1 ml.min-1.cm-2), resulting in limited work that identifies performance trends when
investigating OTMs for the application of oxy-fuel combustion.
(3) The major disadvantage of perovskite materials is their low tolerance of CO2 gases. The
degradation of the perovskite-type oxide would jeopardize the legitimacy of OTM
technology, particularly for the application of oxy-fuel combustion, which subjects the
membrane to significant concentrations of CO2 downstream. One potential solution is
adapting dual-phase OTMs which combine the mixed ionic and electronic conductive
properties of the perovskite-type material with a CO2-tolerant ionically conductive
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additive. However, the addition of the stable additive would jeopardize the oxygen
permeation flux of the OTM in a rich fuel environment upstream. Thus, a further
investigation that determines a balanced ratio between the perovskite-type and stable
additive must occur.
(4) Currently, there is limited experimental research that bridges the gap between material
science and combustion, despite both fields playing an essential role in the development
of OTM technology. Although several simulations examine the overall oxygen permeation
performance for the application of oxy-fuel combustion, no current experimental method
can estimate the overall performance and size needed for complete combustion. If OTMs
are to be established for the implementation of oxy-fuel combustion, an innovative
approach must be adapted to create a standard that newly developed OTMs can aspire to
achieve.
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Chapter 3 Understanding the oxygen ion diffusivity of
SrSc0.1Co0.9O3- using experimental and computational methods
3.1 Introduction
Perovskite-type oxides (ABO3-δ) have been identified as candidates for oxygen transport
membranes reactors because of their combined oxygen permeability at high temperatures
(>800°C) and chemical stability in both oxidizing and reducing atmospheres. As shown in Table
2.1, current developed perovskite-type materials exhibit a low oxygen permeation flux (<1 ml.min1

.cm-2) signifying a lack of high performing membranes. The major contributing factor towards

the oxygen permeability is the oxygen ion transport through the membrane. At high temperatures,
vacancies sites are formed throughout the entire membrane, allowing oxygen ions to diffuse from
the air feed side (high pO2 ) to the permeation side (low pO2 ) (Fig. 3.1). Therefore, to develop
perovskite-type materials with a high oxygen permeation flux, there should be a stronger focus on
oxygen ion diffusivity.

Figure 3.1 Schematic of oxygen ion transport through perovskite structures
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However, determining the oxygen ion diffusivity of perovskite-type materials is challenging.
Perovskite-type oxides are mixed ionic and electronic conductors, in which the electronic
conductivity is orders of magnitude greater than ionic conductivity, making it difficult to determine
the oxygen ion mobility. One solution to characterize the oxygen ion diffusivity is using molecular
dynamics simulation (MDS), which numerically studies the physical movements of atoms and
molecules to calculate the transient behavior of ions in crystal systems. Additionally, the use of
computational methods could potentially reduce the time and cost required to investigate newly
developed materials.
Past MDS studies have demonstrated the ability to approximate oxygen ion diffusivity of
materials, but have never been experimentally validated [125–129]. In this chapter, the oxygen ion
diffusivity is investigated for a perovskite-type material using experimental and MDS approaches.
The chemical structure and morphology of the perovskite-type material are examined to construct
the MDS accurately. The oxygen ion diffusivity results found from the experimental and MDS
approaches are also compared to identify critical factors that contribute to the oxygen ion mobility
through the membrane.

3.2 Experimental methods
3.2.1 Powder synthesis and membrane fabrication
Recently a series of novel oxide (SrScyCo1-yO3-δ) were investigated in which it was discovered
that a minor doping of Sc3+ into the B-site of SrCoO3-δ effectively stabilized the cubic phase
structure, with the optimum doping levels found to be 10 mol% [43–45,130]. In comparison to
other materials, SrSc0.1Co0.9O3- (SSC) demonstrated a superior electronic conductivity than
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), a common studied materials [131]. For this purpose, SSC was
selected as the investigated perovskite-type material in this chapter.
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SSC was synthesized by a complexing sol-gel process. Sr(NO3)2, Co(NO3) · H2O, and ScO3
were selected as the raw materials needed to produce the metal ions in the SSC material. A
weighted amount of Sc2O3 was dissolved in an HNO3 heated aqueous solution. Sr(NO3)2 solid and
Co(NO3)2 aqueous solution were added to the solution at the required stoichiometry as well as the
weighted amounts of ethylenediaminetetraacetic acid (EDTA) and citric acid. The resulting gel
was heated and stirred overnight and subsequently pre-calcined at 250°C. The pre-calcined
material was broken down using a mortar and pestle and after that calcined at 800°C for 5 hours.
The detailed process is further shown in Fig. 3.2. The synthesized powders were then ground down
using a ball mill and subsequently pressed into bars with approximate dimensions of 1.5x0.4x0.4
cm using a dry pressing technique. The produced green bars were sintered at 1200°C for 5 hours
at a ramp rate of 1°C/min using a Nabertherm High-Temperature Furnace.

Figure 3.2 The process for SSC powder synthesis and membrane fabrication
3.2.2 X-ray diffraction and morphology
X-ray diffraction analysis (XRD) was performed at room temperature using a Bruker Axis D8
Advance diffractometer with Cu Kα radiation. Data sets were collected in a step-scan mode in the
2θ range of 15°-80° on an interval of 0.04° at a rate of 12 scans per second. The morphology
features of the sintered bars were examined using a scanning electron microscope (SEM, JEOL
5600 SEM). Grain boundaries of the sintered bar were studied using electron backscatter
diffraction (EBSD) associated with the SEM [132–134].
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3.2.3 Experimental investigation of the oxygen chemical diffusion and average oxygen
diffusion coefficients
As discussed in Chapter 2, the ionic conductivity (σion ) can be linked to the average oxygen
diffusion coefficient using Nernst-Einstein relation (Eq. 2.5). Alternative to finding the average
oxygen diffusion coefficient (DO ) directly, it can be determined using the oxygen chemical
diffusion coefficient (DChem ) and thermodynamic factor (Eq. 2.6). The oxygen chemical diffusion
coefficient and thermodynamic factor were determined using an electrical conductivity relaxation
technique (ECR) and thermogravimetric analysis (TGA), respectively.
ECR was used to characterize the oxygen chemical diffusion coefficient as well as the surface
exchange coefficient (K ex ) of the SSC bar samples. ECR curves were generated by measuring the
normalized conductivity of the sintered bar held at a constant membrane temperature, while
abruptly reducing the partial pressure of oxygen in the surrounding atmosphere. The total
conductivity of the SSC bar samples was measured by a four-probe D.C. method using a Keithley
2420 Sourcemeter (Fig. 3.3). Four silver wires were sealed around the bar’s cross section (A) using
silver paste spaced apart by distance L. After sealing the bar samples, they were heated in a tubular
furnace while maintaining the partial pressure in the surrounding atmosphere. The resistance was
measured by delivering a step current from 10μA to 2A, to two of the four wires, while
simultaneously measuring the voltage across the other two sealed wires. The total resistance (K)
of the sample was determined by the slope of the current/voltage curve. The total conductivity (σ)
of the SSC bar was then calculated using Eq. 3.1:

𝜎=
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𝐿
𝐴𝐾

(Eq. 3.1)

Figure 3.3 Experimental setup for ECR
ECR testing was conducted at membrane temperatures ranging from 600°C to 900°C at
intervals of 25°C. Initially, air (0.21atm) was introduced to the surrounding atmosphere of the
sample, prompting the initial conductivity measurement. The atmosphere was then abruptly
changed to a lower oxygen concertation (0.01 atm) by flooding the surrounding environment with
nitrogen, while periodically measuring the material’s conductivity. This process was a reduction
step in which oxygen is released from the structure, reducing the total conductivity of the material
by Fick’s second law and Eq. 2.1 [135]. DChem and K ex were then obtained by fitting the
normalized ECR curves into Eq. 3.2, where σ0 ,σt , andσ∞ are the initial, transient, and final
conductivities, respectively [136,137].
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(Eq. 3.2)
Lx , Ly , and Lz are defined in Eq 3.3, where lx , ly , and lz are the respective lengths of the SSC bar.
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(Eq. 3.3)

β are the positive roots determined by the equation

𝛽𝑖 tan 𝛽𝑖 = 𝐿𝑖 with i=x, y, z

(Eq. 3.4)

The normalized ECR plots were fitted using a developed MATLAB software package that applied
an asymptotic statistical approach to reduce the uncertainty for estimating DChem and K ex [138].
The thermodynamic factor was determined using powder samples of approximately 30 mg in
a TGA. Samples were heated at a rate of 5°C/min to a set temperature corresponding to the
membrane temperatures used for the ECR testing (600°C to 900°C on intervals of 25°C). Once the
desired temperature was achieved, the powder samples were exposed to air until the weight
stabilized (±5 μg). Afterwards, the partial pressure of oxygen was dropped down to 0.01 atm and
held there until the sample reached stabilization again. The oxygen nonstoichiometric coefficient
(δ) was determined using Eq. 3.5:
𝑚1
𝑀𝑊𝑆𝑟𝑆𝑐0.1 𝐶𝑜0.9 𝑂3−𝛿

=

𝑚2
𝑀𝑊𝑆𝑆(𝑎𝑖𝑟/𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛)

(Eq. 3.5)

where m1 and MWSrSc0.1Co0.9 O3−δ represent the mass and molecular weight at room temperature,
respectively; m2 and MWSS(air/nitrogen) are the steady-state mass and molecular weight,
respectively, of the heated SSC material at a constant temperature in air or nitrogen atmospheres.
The molecular weight of SSC at room temperature was previously reported in the literature, in
which the nonstoichiometric coefficient of oxygen was determined to be 0.475 based on the
valence of the cobalt ions obtained from the titration process [139]. After obtaining the
thermodynamic factor, the average oxygen diffusion coefficient was determined by dividing the
chemical diffusion coefficient by the thermodynamic factor Eq. 3.6.
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𝐷𝐶ℎ𝑒𝑚
𝜕ln(𝑝𝑂 )

(2𝜕ln(𝐶 2 ))

≈ 𝐷𝑂

(Eq. 3.6)

𝑂

3.2.4 MDS study to determine the average oxygen ion diffusivity
The MDS of SSC was provided by the Quantum Nanoscale Flow Systems Laboratory from
the Institute of Fluid Science at Tohoku University. The simulation method used in this chapter is
based on the Coulomb-Buckingham potential, in which the energy between ions (φij ) is calculated
by partitioning it into long-range coulombic and short-range repulsive dispersive terms [140,141].
As shown in Eq. 3.7, qi and qj are the charges of the two ions i and j, respectively, separated by
distances rij. Aij, ρij, Cij are the potential parameters for each ion interaction shown in Table 3.1.
The potential parameters were used to generate the SSC perovskite structure. Calculations were
carried out using the MD simulation software LAMMPS [142,143].

𝜑𝑖𝑗 (𝑟) =

𝑞𝑖 𝑞𝑗
𝑟𝑖𝑗

+ 𝐴𝑖𝑗 exp (

−𝑟𝑖𝑗
𝜌𝑖𝑗

𝐶𝑖𝑗

) − 𝑟6

(Eq. 3.7)

𝑖𝑗

Table 3.1 Interatomic Potentials for SrSc0.1Co0.9O3-δ

Interaction

A (eV)

ρ (Å)

C (eV/Å6)

Ref.

Sr+2 ּ··· O-2

959.10

0.3721

0.000

[144]

Co+3 ··· O-2

1329.82

0.3087

0.000

[145]

Sc+3 ··· O-2

1575.85

0.3211

0.000

[146]

O-2 ··· O-2

22764.3

0.1490

43.00

[144]

The SSC material was simulated at temperatures corresponding to the same membrane
temperature conditions used for ECR (600°C to 900°C at intervals of 25°C). In all cases, Co and
Sc ions were assumed to be trivalent, while Sr was divalent. Simulation boxes for all investigated
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conditions were constructed from 9x9x9 ABO3-δ unit cells, in which the Sc dopant and vacancy
sites were randomly distributed throughout the entire structure to maintain a neutral charge.
Investigated systems were equilibrated under constant temperature and constant pressure (NPT)
held at 1 bar. A time step and cutoff distance of 1.0 fs and 10 Å were used to ensure accurate
integration of the equations of motion and conservation of energy.
To investigate the oxygen ion diffusivity properties of SSC, the mean square displacement
(MSD) of the oxygen ions within the system was calculated as a function of time. The MSD of
oxygen is defined as:

𝑀𝑆𝐷 (𝑡) =

1
𝑁𝑁𝑡

𝑁𝑡
2
∑𝑁
𝑛=1 ∑𝑡0 [𝑟(𝑡 + 𝑡0 ) − 𝑟(𝑡0 )]

(Eq. 3.8)

where N is the total number of ions of the species, r(t) is the position of ion i at time t and Nt is the
total number of initial time steps the average is taken over [140]. The average oxygen diffusion
coefficient (Do) was calculated from the slope of its MSD vs. time plot using the Einstein relation:
𝑑(𝑀𝑆𝐷)
𝑑𝑡

= 𝐵 + 6𝐷𝑡

(Eq. 3.9)

where B is twice the square of the mean vibrational amplitude of oxygen [140].

3.3 Results and discussion
3.3.1 Phase structure and morphology
Figure 3.4 shows the X-ray diffraction patterns of the as-synthesized SSC oxide calcined at
800°C for 5 hours in air. The XRD pattern suggests that the 10 mol % of scandium doping into the
B-site of the SrCoO3-δ structure can stabilize the cubic perovskite structure. Similar results
concerning the lattice structure of SSC have been reported in previous works [44]. From the XRD
data and Bragg’s Law, the lattice parameter of the cubic perovskite structure was found to be 3.91
Å and was used to construct the simulated model.
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Figure 3.4 XRD pattern of SSC powder indicating a cubic perovskite structure
To be applied as an air separation unit, OTMs must possess a dense structure needed to prevent
all nitrogen on the air feed side from reaching the permeation side. Figure 3.5 shows the SEM
images of the surface and cross-section of a sintered SSC ceramic bar. In both images, the surface
and cross section exhibit no pores or cracks throughout its entire structure, indicating that 1200°C
is an appropriate sintering temperature for producing a dense ceramic membrane.
The membrane structure is also shown to exhibit grain boundaries, formed at the interface
between grains of different sizes. In grain boundaries, the chemical structure of the materials
composition is maintained but presents a shift in the lattice structure’s orientation relative to the
adjacent grain [147]. This inconsistency in the atomic structure at the interface between two grains
could influence oxygen ion mobility through the OTM. The EBSD analysis provides a deeper
insight into the misorientation angle throughout the entire structure, and the results are shown in
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Fig. 3.6. It can be seen in Fig. 3.6 that most angles found in the SSC membrane are at high angle
orientations, which could modify the diffusivity of the oxygen ions through the membrane.

Figure 3.5 SEM images of the surface (a) and cross section (b) of SSC after sintering at 1200°C
for 5 hours.
3.3.2 Oxygen chemical diffusion and surface exchange coefficients
The oxygen chemical diffusion and surface exchange coefficients were determined using ECR.
Fig. 3.7 shows the ECR curves at various membrane temperatures generated by a sudden change
in the oxygen partial pressure from 0.21 to 0.01 atm. As expected, the normalized total
conductivity can achieve unity faster as the membrane temperature increases, signifying an
enhancement of the oxygen diffusivity and surface exchange properties of the SSC material. The
oxygen chemical diffusion and surface exchange coefficients were then determined from the fitted
curves. The findings are displayed in Fig. 3.8.
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Figure 3.6 Misorientation angle of grain boundaries in SSC membrane sintered at 1200°C

Figure 3.7 ECR curves for SSC ranging from 600°C to 900°C after abruptly reducing the
oxygen partial pressure in the surrounding atmosphere from 0.21 atm to 0.01 atm
39

Figure 3.8 Oxygen chemical diffusion and surface exchange coefficients of SSC ranging from
600°C to 900°C obtained from ECR during the reduction process
Figure 3.8 shows the increase of the SSC material’s oxygen chemical diffusion and surface
exchange coefficients with an increase in membrane temperature. Compared to other perovskitetype materials, SSC is found to exhibit superior oxygen diffusivity and surface exchange
properties. For example, at 750°C, the oxygen chemical diffusion and surface exchange
coefficients of La0.Sr0.4Co0.2Fe0.8O3-δ (LSCF) was 6.4E-6 cm2.s-1 and 1.3E-5 cm.s-1, respectively,
compared to SSC’s coefficients found to be 7.96E-5 cm2.s-1 and 1.55E-3 cm.s-1, respectively [148].
Another example is with B0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) which at 600°C had an oxygen chemical
diffusion and surface exchange coefficient of 5.01E-6 cm2.s-1 and 3.16E-4 cm.s-1 which is lower
compared to the respective SSC coefficients of 1.75E-5 cm 2.s-1 and 3.43E-4 cm.s-1 at the same
membrane temperature [149].
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The thermodynamic factor was determined using TGA, and the results are shown in Table 3.2.
As previously discussed the thermodynamic factor accounts for the concentration of oxygen
present in the perovskite-type material as the membrane temperature or the surrounding partial
pressure of oxygen varies. The thermodynamic factor was determined using the data presented in
the middle columns of Table 3.2 and using Eq. 2.6. As seen from Table 3.2, the oxygen
nonstoichiometric coefficient (δ) decreases with an increase in membrane temperature, indicating
the formation of more oxygen vacancies in the perovskite-type material. The oxygen
nonstoichiometric coefficient is also observed to be higher when subjected to atmospheres with
higher concentrations of oxygen. The higher nonstoichiometric coefficient indicates a higher
fraction of occupied vacancy sites in the presence of air compared to depleted oxygen atmospheres.
The thermodynamic factor, in the last column of Table 3.2, is observed to be consistent at lower
membrane temperatures, but then decline as the membrane temperature increases beyond 750°C.
The minor variation in the thermodynamic factor at low membrane temperatures suggests that the
difference between the number of vacancy sites in air and nitrogen are similar at membrane
temperatures below 750°C. As the membrane temperature rises beyond 750°C, the difference
between the number of occupied oxygen vacancies in air and nitrogen atmospheres becomes more
substantial, thus reducing the thermodynamic factor as the membrane temperature increases. Past
studies have reported similar results [57].
Table 3.2 Oxygen stoichiometry coefficient (3-δ) and thermodynamic factor for SSC as a
function of temperature and oxygen partial pressure
Temperature
Thermodynamic
𝐏𝐎𝟐
3-δ
(°C)
Factor
600

0.21 2.384
0.01 2.322

63.78

625

0.21 2.364
0.01 2.314

71.06

650

0.21 2.355

64.34
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0.01 2.300
675

0.21 2.351
0.01 2.296

65.13

700

0.21 2.346
0.01 2.293

65.97

725

0.21 2.342
0.01 2.289

65.92

750

0.21 2.338
0.01 2.284

64.84

775

0.21 2.333
0.01 2.278

63.22

800

0.21 2.330
0.01 2.272

60.56

825

0.21 2.326
0.01 2.266

57.67

850

0.21 2.323
0.01 2.259

54.27

875

0.21 2.320
0.01 2.251

50.44

900

0.21 2.317
0.01 2.243

46.72

3.3.3 Average oxygen diffusion coefficient
Once obtained, the thermodynamic factor and oxygen chemical diffusion coefficient were
combined to determine the average oxygen diffusion coefficient using Eq. 3.5. The determined
average oxygen diffusion coefficient, including the MDS’s calculated average oxygen diffusion
coefficient, are shown in the Arrhenius plot in Fig. 3.9. As described in Chapter 2, the average
oxygen diffusion coefficient is considered constant over the thickness of the membrane while the
chemical diffusion coefficient accounts for the variation of occupied vacancies within the
perovskite structure. Thus, the oxygen chemical diffusion coefficient is higher than the
experimental and MDS results.
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Figure 3.9 Average oxygen diffusion coefficient and oxygen chemical diffusion coefficient SSC
ranging from 600°C to 900°C determined using MDS and experimental methods
The characteristic thickness of SSC at varying temperature was determined using Eq. 2.7 by
combining the experimental average oxygen diffusion and surface exchange coefficients. The
characteristic thickness of SSC was found to be consistent with an average of thickness 8.2E-4 cm
at all investigated temperatures. The determined characteristic thickness indicates that the ratedetermining step of SSC membranes is oxygen ion bulk diffusivity as opposed to the surface
exchange reactions. This limitation signifies that bulk diffusion primarily limits SSC material due
to the required membrane thickness needed to preserve mechanical integrity (>3.2E-2 cm).
Figure 3.9 also shows an order of magnitude difference between the average oxygen diffusion
coefficient determined experimentally and through MDS. Both the experimental and simulation
results demonstrate an increase in the average oxygen diffusion coefficient with an increase in
temperature, but the experimental results are observed to be an order of magnitude higher. One
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potential explanation for the difference in the calculated oxygen diffusivity is the morphology of
the SSC membrane. The MDS constructed model examined the bulk diffusivity of oxygen through
a perovskite system, not accounting for the presence of grain boundaries. As previously shown in
Fig 3.6, fabricated SSC membranes exhibit multiple grain boundaries, in which the majority are
considered high angle grain boundaries (>15°). In past studies, high angle grain boundaries have
been shown to enhance the average oxygen diffusion coefficient due to lower coordination
numbers at the grain interface [150–152]. Therefore, it can be theorized that the order of magnitude
difference between the experimental and MDS average oxygen diffusion coefficients is attributed
from the presence of high angle grain boundaries in the experimentally investigated SSC
membrane, whereas the constructed fails to account for the grain boundary morphology.

3.4 Conclusion
In this chapter, SSC’s structure, morphology, oxygen diffusion and surface exchange
properties are investigated. SSCs structure is shown to exhibit a stabilized cubic phase structure
with 10 mol% Sc3+ with a lattice parameter of 3.91 Å. After sintering at 1200°C, the surface and
cross-section of the fabricated SSC membrane are found to have a dense structure with no observed
pores or cracks. The sintered SSC membrane is also observed to consist of several grain
boundaries, in which the majority were found to be high angle grain boundaries (>15°).
The oxygen chemical diffusion and surface exchange coefficients of SSC are discovered to be
superior to highly regarded materials such as LSCF and BSCF under a wide range of temperatures.
The determined thermodynamic factor and oxygen chemical diffusion coefficient are combined to
calculate the average oxygen diffusion coefficient. The characteristic thickness of SSC at varying
temperature is determined using the surface exchange and average oxygen diffusion coefficient
and demonstrates SSC’s rate-limiting step to be bulk diffusivity since the average characteristic
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thickness was found to be 8.2E-4 cm, which is smaller than the required thickness needed to
maintain the mechanical integrity of the membrane. The average oxygen diffusion coefficient
determined experimentally is shown to be an order of magnitude higher than the values found in
MDS. The difference between the average oxygen diffusion coefficients is potentially attributed
to the previously mentioned high angle grain boundaries which have been previously reported to
improve the oxygen diffusivity through the membrane.
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Chapter 4 Investigation of oxygen transport membrane reactors for
oxy-fuel combustion and carbon capture purposes
4.1 Introduction
Currently, fossil fuels are the primary source of energy that satisfies the increasing energy
demand of almost every major country throughout the world [5]. However, it is projected that by
combusting fossil fuels, an estimated 30 Gt of carbon dioxide (CO2) is produced per year, making
fossil fuels the primary source of CO2 emissions [2,3]. In order to mitigate the amount of carbon
entering our atmosphere, there is increasing pressure on industry to reduce and contain emissions
from combustion processes, while still meeting current and future energy needs. Therefore,
different techniques and practices are being developed to capture and sequester carbon from energy
production processes [115,116,153].
Over the past few years, there has been a significant focus on oxygen transport membrane
reactors (OTMs) and their potential to transform the way oxygen is supplied and used in
combustion processes. When the membrane is placed under elevated temperatures (>800°C), fuel
can be introduced to one side of the membrane while exposed to air on the other side. This forces
the positively charged oxygen vacancy to become disordered, creating a chemical potential
gradient across the membrane and allowing oxygen to permeate through the material and react
with the fuel on the other side. The motion of oxygen vacancies, which gives rise to the nature of
oxygen permeability of perovskite membranes, is charge compensated by the transport of electronholes in the reverse direction [58]. Due to the lack of nitrogen, the combustion process is simplified
to elementary reactions, eliminating nitrogen oxide and producing an exhaust primarily composed
of carbon dioxide and water vapor. The CO2 from the exhaust can then be captured and sequestered
for further use.
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As previously shown in Table 2.1, several studies have demonstrated dense perovskite ceramic
membranes’ oxygen permeability performance primarily using a helium sweeping gas. However,
there have been limited studies done concerning the integration of OTM technology with methane
combustion for carbon capture purposes. In this chapter, the performance of OTMs is investigated
through modifying the reactor’s composition, membrane temperature, sweeping gas flow rate, and
shape configuration. Oxy-fuel combustion performance is evaluated by determining the OTM
reactor’s oxygen permeability and CO2 selectivity from the flue gas.

4.2 Experimental methods
4.2.1 Material selection
To document the OTM’s operation and performance, selecting a material that exhibits high
oxygen permeation performance (>1 ml.min-1.cm-2) is crucial. Since Teraoka et al. first reported
the remarkable high oxygen permeation flux through the ceramic disks based on the
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) perovskite oxides in the 1980s, cobalt-contained perovskite
membranes have been widely investigated [29]. The LSCF membrane is currently cited as a typical
example of the mixed conductive ceramics with moderate oxygen permeability and
chemical/mechanical stability, consequently making it the most common material studied [154–
162]. Alternatively, Zeng et al. have developed and reported a new perovskite system
SrSc0.1Co0.9O3-δ (SSC) which exhibits remarkably high oxygen fluxes and chemical stability [43–
45]. The comparison between these two materials can provide a gage as to the development of
OTM technologies, mainly focusing on the feasibility of using commercially available materials
to demonstrate a high oxygen permeation flux SSC oxide was synthesized by a combined EDTAcitrate complexing sol-gel process as described in detail in Chapter 3. LSCF powder was purchased
from Fuel Cell Materials, USA [163].
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4.2.2 Oxygen permeation testing
Selected powders were pressed into disk-shaped green membranes with a diameter of 15 mm,
which were subsequently sintered at 1200°C for SSC and 1250°C for LSCF to achieve a dense
membrane structure. The sintered membranes had a diameter of 12-13 mm and a thickness of 0.44
mm or 1.1 mm. The densely sintered disk membranes were then applied as an OTM to study the
reaction of methane combustion using the planar experimental setup shown in Fig. 4.1. A planar
reactor was fixed onto a dense quartz tube using silver paste as a sealant, leaving an effective
surface area of 0.65 cm2. The fixed membrane was then placed in the center of a vacuum split
furnace. A methane sweeping gas was fed underneath the planar OTM at standard temperature and
pressure (STP), allowing for oxygen to permeate through the reactor, while the opposite side of
the membrane was exposed to ambient air. Permeated oxygen would then react with methane, and
the existing products would be fed into a gas chromatograph (GC) to quantify the exhaust
composition. The gas flow rates were monitored with a digital flow meter. The integrity of the
membrane seals was monitored by the nitrogen concentration in the product stream.
To characterize the performance of the OTMs, two significant parameters were examined:
oxygen permeation flux and CO2 selectivity. The oxygen permeation flux was calculated using
carbon balance. As stated before, the reactor exhaust was analyzed using a GC which identified
the component mole fractions of each product. When using a methane sweeping gas, the
compositions in the product stream of converted fuel consisted of carbon dioxide (CO2), carbon
monoxide (CO), and ethane (C2H6). The combustion between the incoming fuel and permeated
oxygen is described below, in molar flow rates (ṅ) of each species ṅ𝑖 :
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Figure 4.1 Experimental setup for oxygen permeation test for planar membrane OTMs
′′
′′
′′
′′
′′
ṅ′𝐶𝐻4 CH4 + ṅ′𝑂2,𝑝𝑒𝑟𝑚 O2  → ṅ′′
𝐶𝑂2 CO2 + ṅ𝐶𝑂 CO + ṅ𝐶2 𝐻6 C2 H6 + ṅ𝐶𝐻4 CH4 + ṅ𝑂2 O2 + ṅ𝐻2 𝑂 H2 O

(Eq. 4.1)
The elemental conservation of C, O, and H results in:
′
′′
′′
C: ṅ′𝐶𝐻4 =  ṅ′′
𝐶𝑂2 + ṅ′𝐶𝑂 + 2ṅ𝐶2 𝐻6 + ṅ𝐶𝐻4

(Eq. 4.2)

′′
′′
H: 4ṅ′𝐶𝐻4 = 6ṅ′′
𝐶2 𝐻6 + 4ṅ𝐶𝐻4 + 2ṅ𝐻2 𝑂

(Eq. 4.3)

′
′′
′′
O: 2ṅ′𝑂2,𝑝𝑒𝑟𝑚 = 2ṅ′′
𝐶𝑂2 + ṅ′𝐶𝑂 + 2ṅ𝑂2 + ṅ𝐻2 𝑂

Eq. 4.4)

′′
′′
′′
′′
′′
ṅ𝑡𝑜𝑡𝑎𝑙 = ṅ′′
𝐶𝑂2 + ṅ𝐶𝑂 + ṅ𝐶2 𝐻6 + ṅ𝐶𝐻4 + ṅ𝑂2 + ṅ𝐻2 𝑂
′′
𝑋′′𝑖 = ṅ′′
𝑖 /ṅ𝑡𝑜𝑡𝑎𝑙 = Ḟ𝑖 /Ḟ𝑡𝑜𝑡𝑎𝑙

(Eq. 4.5)
(Eq. 4.6)

where single and double primes refer to reactant and product values, ṅ′O2,perm is the oxygen
permeation flux, ṅtotal and Ḟtotal are the total molar and volumetric flow rate, Xi is the mole and
volumetric fraction of the ith species, and i refers to the species carbon dioxide (CO2), carbon
monoxide (CO), ethane (C2H6), methane (CH4), oxygen (O2), detected from the GC. From a
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combination of Eq. 4.4 and 4.6, and dividing by the effective surface area (S), the oxygen
permeation flux (JO2 ; mol.min-1.cm-2 or ml.min-1.cm-2) can be defined as:

𝐽𝑂2 = (ṅ𝑡𝑜𝑡𝑎𝑙 (2𝑋 ′′ 𝐶𝑂2 + 1.5𝑋′′𝐶𝑂 + 𝑋′′𝑂2 + 0.5𝑋′′𝐶2𝐻6 ))/(2𝑆) (Eq. 4.7)
or since the molar fraction is equivalent to the volumetric fraction (Eq. (4.6)) of each species, the
oxygen permeation flux can be re-written as:

𝐽𝑂2 = (Ḟ𝑡𝑜𝑡𝑎𝑙 (2𝑋 ′′ 𝐶𝑂2 + 1.5𝑋′′𝐶𝑂 + 𝑋′′𝑂2 + 0.5𝑋′′𝐶2𝐻6 ))/(2𝑆) (Eq. 4.8)
A derivation of Eq.4.7 can be found in Appendix A. The performance of the OTM relative to the
permeated oxygen delivered to the fuel can be characterized regarding CO2 selectivity as defined
below:

𝐶𝑂2 (𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦) = Ḟ𝐶𝑂2 /(Ḟ𝐶𝑂 + Ḟ𝐶𝑂2 + 2Ḟ𝐶2𝐻6 )

(Eq. 4.9)

Additionally, to further examine reactor geometry’s influence on OTM performance, LSCF
ceramic hollow fiber membranes were extruded from the plastic mass through an in-house
designed die with an outer diameter (O.D.) of 3.6 mm and an inner diameter (I.D.) of 2 mm placed
on a RAM extruder. After sintering the sintered tube, the O.D./I.D. of the hollow fiber membrane
shrank from 3.6 mm/2 mm to 2.15 mm/1.05 mm. The sintered were cut to 0.90 cm, resulting in an
effective surface area of 0.65 cm2, not including the additional area needed to seal the membrane.
The sintered dense hollow fiber membrane was fixed between two quartz tubes using silver paste
to study the performance of methane combustion. The fixed membrane was placed in the center of
a horizontal vacuum split furnace. Similar to the planar test, the experimental conditions were
maintained for consistency, where again a methane sweeping gas was introduced into the reactor
while the other side was exposed to the surrounding atmosphere. During these experiments, the
instant temperature in the furnace was measured using a K-type thermocouple which was placed
at the center of the membrane.
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Figure 4.2 Experimental setup for oxygen permeation test for tubular OTMs

4.3 Results and discussion
4.3.1 Planar OTM investigation
The oxygen permeation flux of SSC and LSCF OTMs was investigated using pure methane at
varying sweeping gas flow rates, from 2 to 20 mL·min-1 and different membrane temperatures
ranging from 800°C to 900°C, on increments of 50°C. The results are shown in Fig. 4.3, displaying
the influence of temperature and methane flow rate on the oxygen permeation performance of
OTMs with different compositions. More importantly, Fig. 4.3 shows a significant comparison
between the performance of LSCF and SSC reactor compositions.
First, due to the increased methane flow rate, there is a higher content of fuel introduced to the
sweeping side of the planar OTM. The higher volume of fuel on the permeation side improves the
chemical gradient across the OTM and resulting in the oxygen permeation flux increasing. During
the permeation test, no oxygen was found in the product stream, signifying that all oxygen was
utilized and the partial pressure of oxygen on the sweeping side was maintained at approximately
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zero. Additionally, during the oxygen permeation test, no nitrogen was detected in the GC,
indicating a hermetically sealed dense ceramic membrane.

Figure 4.3 Oxygen permeation flux of LSCF and SSC planar OTMs with membrane thicknesses
of 0.44 mm subjected to methane flow rates ranging from 2 to 20 ml.min-1 while held at
membrane temperatures ranging from 800 to 900°C
Second, the increased temperature enhanced the oxygen diffusion and surface exchange
coefficients of the membrane, thus improving the oxygen permeation rate. These differences can
be seen more clearly for the SSC reactor composition, since the SSC reactor showed a significantly
higher oxygen permeation flux compared to the LSCF reactor, over a wide range of methane flow
rates and membrane temperatures. It is also interesting to note that SSC varies greatly with changes
in membrane temperature at the same flow rate, while LSCF shows little variation as the operating
temperature increases. The SSC OTM reached a maximum oxygen permeation flux of 2.75
mL·min-1·cm-2 at a membrane temperature of 900°C and methane flow rate of 20 ml.min-1 and a
minimum oxygen permeation flux of 0.63 mL·min-1·cm-2 at a membrane temperature of 800°C
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and methane flow rate of 2 ml.min-1. The LSCF reactor reached a maximum oxygen permeation
flux of 0.99 mL·min-1·cm-2 at a membrane temperature of 900°C and methane flow rate of 20
ml.min-1 and a minimum oxygen permeation flux of 0.27 mL·min-1·cm-2 at a membrane
temperature of 800°C and methane flow rate of 2 ml.min-1.
The significant difference between the achieved oxygen permeation flux results of the LSCF
and SSC reactors is attributed to the composition of SSC, which exhibits higher oxygen diffusivity
and surface exchange coefficients compared to LSCF, as discussed in Chapter 3. The superior
properties allow for a higher oxygen permeation flux in the SSC OTM. The significant difference
between the SSC and LSCF reactor performances raises concern over the current state of OTM
technology used for carbon capture purposes. Theoretically, if LSCF membranes were to be used
in a large-scale power generation facility, the total number of membranes required to produce a
substantial amount of heat would be significantly higher compared to the recently developed SSC.
Therefore, Fig. 4.3 not only depicts the trends associated with enhancing oxygen permeation fluxes
but also provides a commentary on the importance that material investigation has in the
development of OTM technology.
Due to the poor performance of the LSCF membrane, the study shifted focus onto enhancing
the reactor design using SSC material. To further improve the performance of the reactor, a porous
catalyst layer, with a thickness of 10 μm and an average pore size 4 μm, was applied onto the
oxygen feed side of the membrane to increase the amount of exposed surface area and encourage
a higher oxygen permeation flux. The same conditions used to obtain the oxygen permeation flux
results shown in Fig. 4.3 were applied to the SSC OTM with the additional catalyst layer to see if
the oxygen permeation flux could be improved. The oxygen permeation flux of the SSC OTM
with the additional catalyst layer is shown in Fig. 4.4.
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Figure 4.4 Oxygen permeation flux of SSC planar OTM with an additional porous catalyst layer
subjected to methane flow rates ranging from 2 to 20 ml.min-1 while held at membrane
temperatures ranging from 800 to 900°C
Similar to the results in Fig. 4.3, Fig. 4.4 shows the oxygen permeation flux increasing with an
increase in membrane temperature and methane flow rate. At a constant temperature of 900°C, the
membrane with an applied porous catalyst layer was able to achieve an oxygen permeation flux of
3.57 ml.min-1.cm-2 at a methane flow rate of 20 ml.min-1. The oxygen permeation flux of the SSC
OTM with the additional catalyst layer is a slightly higher value compared to the SSC membrane
without a catalyst, which only achieved an oxygen permeation flux of 2.75 mL·min-1·cm-2 at
900°C while subjected to a methane flow rate of 20 ml.min-1. The higher oxygen permeation flux
obtained by the SSC OTM with the additional catalyst layer compared to the blank SSC planar
OTM is due to the porosity of the applied catalyst layer enhancing the surface exchange reaction
sites on the air feed side of the OTM.
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Figure 4.5 shows the improvement of CO2 selectivity of the SSC planar OTM with the
additional catalyst layer with an increase in membrane temperature and a decrease in methane flow
rate. For example, the SSC planar reactor with a catalyst layer achieved a maximum CO2
selectivity of 98% under a membrane temperature of 900°C and methane flow rate of 2 mL·min-1
A minimum CO2 selectivity of 84% was discovered at a membrane temperature of 800°C with a
methane flow rate of 20 mL·min-1. As the membrane temperature increases, the CO2 selectivity
increases due to the improvement in the oxygen permeation flux while maintaining a constant
methane flow rate. As the methane flow rate increases, while maintaining a constant membrane
temperature, the volume ratio between then incoming methane and permeating oxygen becomes
disproportionate, signifying a richer combustion and a decrease in the CO2 selectivity.

Figure 4.5 CO2 selectivity of SSC planar OTM with an additional porous catalyst layer
subjected to methane flow rates ranging from 2 to 20 ml.min-1 while held at membrane
temperatures ranging from 800 to 900°C
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4.3.2 Tubular OTM Investigation
Planar OTMs is a simple configuration to determine the oxygen permeation flux and CO2
selectivity of perovskite-type materials utilized for the application of oxy-fuel combustion.
However, planar OTMs are not a practical solution when implemented in power generation
facilities due to the substantial costs and size needed to provide sufficient volumes of oxygen for
complete combustion. Alternative to planar OTMs used for experimental investigation, tubular
OTMs are a practical approach when implementing this technology and already have been in some
instances [116]. OTMs in a tubular configuration has the major advantage of delivering large
volumes of oxygen within compact spaces because of the improved surface to volume ratio; a
planar membrane with a large surface area would occupy a larger space compared to a membrane
with a tubular structure with the same surface area. Therefore, tubular OTMs were fabricated
using an LSFC composition. Although SSC showed a superior oxygen permeation performance,
LSCF was selected material to determine the impact of OTM configurations due to its abundance
and availability.
Figure 4.6 depicts the difference between tubular and planar LSCF membranes with the same
effective surface area (0.65 cm-2) and membrane thickness (1.1 mm). The membranes were held
at a constant temperature of 900°C and fed methane at varying flow rates ranging from 2 to 20
ml.min-1 onto the permeation side of the OTM. Similar to previous figures, the increase of methane
flow rate enhances the oxygen permeation performance by improving the oxygen chemical
gradient across the membrane and maintaining a low oxygen partial pressure on the permeation
side. At the same thickness and effective surface area, the planar and tubular OTMs are shown to
exhibit consistent oxygen permeation flux results. However, the oxygen permeation flux for the
planar membrane in Fig 4.6 (thickness 1.1 mm) is lower compared to the planar OTM results
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shown in Fig. 4.3 (thickness 0.44). The difference in the oxygen permeation flux is a result of the
increased membrane thickness of LSCF OTMs. The increased membrane thickness reduces the
chemical gradient across the OTM and diminishes the oxygen permeation flux. Although the
planar OTMs can be fabricated with a thinner membrane thickness, tubular OTMs require a greater
membrane thickness to maintain their mechanical integrity.

Figure 4.6 Oxygen permeation flux of LSCF planar and tubular OTM subjected to methane
flow rates ranging from 2 to 20 ml.min-1 while held at membrane temperatures of 900°C
The difference in the oxygen permeation flux reveals a critical limitation of tubular OTMs.
OTM performance is driven by the oxygen chemical gradient across the reactor, wherein the case
of an increased membrane thickness would diminish the gradient and reduce the oxygen
permeation flux. Since the tubular reactor exhibited a uniform thickness of 1.1 mm, while the
initial planar reactor had a thickness of 0.44 mm, the oxygen permeation flux was diminished. The
thickness of tubular membranes could be reduced using the fabrication techniques described
previously, but heighten the risk of fracturing when subjected to high temperatures. Therefore,
57

despite tubular membranes having the potential to exhibit higher surface to volume ratios, in this
study, they are limited by the thickness needed to maintain their mechanical structure, thus
sacrificing the oxygen permeation of the reactor.
Despite the lower oxygen permeation flux compared to the planar reactor, the tubular reactor
exhaust composition provided some insight into the feasibility of integrating OTM technology into
combustion systems. The LSCF tubular OTM with a thickness of 1.1 mm was investigated using
the same conditions applied to previously studied planar OTMs. The membrane temperature was
varied from 800 to 900°C while the methane flow rate ranged from 2 to 20 ml.min-1. As seen in
Fig. 4.7, the oxygen permeation flux of the LSCF tubular OTM directly increases with membrane
temperature and methane flow rate, similar to the trends seen in previous figures. The oxygen
permeation performance of the LSCF tubular reactor is still lower than the LSCF planar reactor
with the thinner membrane thickness. At a membrane temperature of 900°C while subjected to a
methane flow rate of 20 mL·min-1, the LSCF tubular OTM achieved a maximum oxygen
permeation flux of 0.38 mL·min-1·cm-2.
Although the oxygen permeation flux was lower for the LSCF tubular OTM compared to the
thinner LSCF planar OTM, the LSCF tubular OTM was able to exhibit a similar CO2 selectivity
to the SSC planar OTM with an additional catalyst layer. Fig 4.8 shows the CO2 selectivity of the
LSCF tubular OTM subjected to the same conditions corresponding to the oxygen permeation flux
result found in Fig. 4.7. It can be seen from Fig. 4.8 that the membrane temperature and methane
flow rate influences the CO2 selectivity, similar to trends seen in Fig. 4.5.
The CO2 selectivity is found to increase directly with an increase in membrane temperature.
However, the CO2 selectivity is found to decrease with an increase in methane flow rate indirectly.
At 900°C and a methane flow rate of 2 ml.min-1, the maximum CO2 selectivity was found to be
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88%, while found to be 70% for a methane flow rate of 20 mL·min-1. The difference in the CO2
selectivity with a change in methane flow rate stems from the combustion occurring between the
permeating oxygen and incoming methane. As the methane flow rate is lowered, the volume of
permeated oxygen becomes enough to cause a leaner reaction. This allows the OTM to host a
combustion with a more equalized ratio between the fuel and oxidant, hence the increase in CO2
selectivity. As the flow rate is increased, the flow stream becomes rich and the CO2 selectivity
decreases. Furthermore, in comparison to the CO2 selectivity results of the SSC planar OTM with
the additional catalyst layer, the tubular LSCF OTM still demonstrates a CO2 exhaust with most
the converted methane being CO2. The combustion performance of the tubular OTM indicates that
although the tubular cell sacrifices oxygen permeation performance needed for maintaining its
mechanical structure, it can still produce an exhaust in which the majority of the converted methane
is CO2, signifying the potential to achieve a complete combustion if designed appropriately.

Figure 4.7 Oxygen permeation flux of LSCF tubular OTM subjected to methane flow rates
ranging from 2 to 20 ml.min-1 while held at membrane temperatures ranging from 800 to 900°C
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Figure 4.8 CO2 selectivity of LSCF tubular OTM subjected to methane flow rates ranging from
2 to 20 ml.min-1 while held at membrane temperatures ranging from 800 to 900°C

4.4 Conclusion
The presented work in this chapter introduces an OTM used for methane combustion processes
with the purpose of capturing carbon from the exhaust stream. This work provides a detailed
analysis of critical components and practical limitations that influence the oxygen permeation flux
and CO2 selectivity performance including membrane temperature, methane flow rate, reactor
configuration, and material composition. It was shown that for both planar and tubular reactor
designs both temperature and sweeping gas flow rates improved the oxygen permeation flux.
At the same membrane thickness and the effective surface area, it was revealed that the oxygen
permeation flux of the SSC planar OTM, under all operating conditions, was higher than the
oxygen permeation performance of LSCF planar OTM, a commonly studied composition. The
application of a catalyst layer also enhanced the performance of an SSC planar OTM, achieving
an oxygen permeation flux of 3.57 mL·min-1·cm-2 and a CO2 selectivity of 98%.
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Tubular OTMs were explored using a commonly available material. It was discovered that due
to the tubular reactor’s greater thickness, needed to maintain the mechanical structure; the oxygen
permeation flux was lower than the results found in the thinner LSCF planar reactor. However, at
the same thickness, the planar and tubular LSCF OTMs were found to exhibit the same oxygen
permeation flux, signifying the advantage of the lower surface to volume ratio of the tubular OTM.
Upon further examination, the tubular OTM was found to exhibit similar effects of the varying
methane flow rates and membrane temperatures on the oxygen permeation and CO2 selectivity.
This work provides the foundation needed to further the development of OTM technology for oxyfuel combustion processes and carbon capture purposes.
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Chapter 5 Studying the behavior of dual-phase oxygen transport
membranes with high concentrations of CO2 exposure
5.1 Introduction
Oxygen transport membrane reactors (OTMs) have the potential to reduce oxygen production
costs due to their ability to permeate oxygen without the need for external circuitry. As shown in
Chapter 4, oxygen permeability is achieved when the OTM is held at elevated temperatures
(>800°C), while introducing fuel onto the permeation side of the dense OTM. The permeated
oxygen then combusts with the incoming fuel in a nitrogen-free environment, thus separating the
CO2 in the product stream from nitrogen in the surrounding atmosphere and simplifying the carbon
capture process. Despite its novelty, OTMs have some restrictions that could potentially limit its
application.
As previously discussed, OTMs are comprised of perovskite materials with the chemical
structure (ABO3-δ) in which the partial substitution of both A and B cations in its lattice structure
enhances the electronic and ionic conductivity of the material. The improved ionic and electronic
conductivity allows oxygen ions and electrons to move through the membrane and maintain the
permeation process. In the presence of abundant CO2 atmospheres, the A cation, mainly comprised
of alkaline earth metals, has the potential to form carbonate with the surrounding environment,
ultimately jeopardizing the stability of OTMs. Consequently, the formation of carbonates also
causes the B site ion to create an additional oxide structure which could preserve electron
transmissions [97]. In some studies, the A or B sites in the perovskite structure have been modified
to produce OTMs with a high chemical stability when exposed to CO2 atmospheres [164–166].
For these newly developed materials, a CO2-tolerant material is created, but at the expense of the
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ionic and electronic conductivity, ultimately eliminating the potential to be implemented for the
application of oxy-fuel combustion.
An alternative approach is dual-phase OTMs, which have the potential to sustain an oxygen
permeation flux in a CO2 atmosphere without jeopardizing the chemical or mechanical integrity
of the membrane. As discussed in Chapter 2, dual-phase OTMs combine a high performing
perovskite-type oxide with a CO2-tolerant and ionically conductive additive material. The additive
ionic conductive material provides a pathway for oxygen ions when the perovskite materials are
compromised. The electron conductivity is still preserved in the compromised perovskite-type
material through the -O-B-O-B-O- pathways (Fig 2.3). In this instance, OTMs could provide an
oxygen permeation flux and chemical stability while exposed to a high concentration of CO2.
In this chapter, the effect of CO2 sweeping gases on dual-phase OTM’s properties, such as
morphology, phase structure, conductivity, and oxygen permeation flux is reported. The objectives
of this chapter are as follows: (1) investigate the influence that CO2 atmospheres have on the
perovskite-type structure; (2) understand how the addition of a CO2-tolerant and ionically
conductive additive material enhances the oxygen permeation performance and chemical stability
of the OTM; and (3) examine the oxygen permeation flux using a CO2 sweeping gas while
modifying the surrounding conditions (i.e. membrane temperature and sweeping gas flow rate).

5.2 Experimental methods
Chapters 3 and 4 demonstrated SrSc0.1Co0.9O3-δ’s (SSC) superior oxygen permeation flux and
electrochemical properties compared to other commonly studied perovskite-type materials.
Therefore, SSC was selected as the perovskite-type material in this chapter. Sm0.2Ce0.8O1.9-δ (SDC),
was selected as the additive material due to its previously reported CO2 tolerance, ionic
conductivity, and compatibility with perovskite-type materials [47,113,114]. SSC powders were
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synthesized by a combined EDTA-citrate complexing sol-gel process as described in detail in
Chapter 3. SDC powders were purchased from an external source (i.e., fuelcellmaterials.com)
[167].
After obtaining both powders, a portion of SDC was added based on a weight percentage
(wt.%) of the total powder mixture. The wt.% of SDC was varied in increments of 10 wt.%, ranging
from 0 to 50 SDC wt.%. The proportioned SDC and SSC materials were mixed using a ball-milling
technique that produced a well-mixed blended powder. The mixed powder was pressed into thin
disk shape membranes to be used for oxygen permeation testing with a diameter of 12~13 mm and
thickness of 0.44 mm. Additionally, mixed SSC and SDC powders were pressed into bar samples
of approximate dimensions 15x4x4 mm for total conductivity testing. All fabricated samples were
sintered in a Nabertherm High-Temperature Furnace at 1200°C for 5 hours in an air atmosphere.
The total conductivity of a pure SSC OTM was measured using the same four-probe method
set-up as described in Chapter 3. The total conductivity of the pure SSC bar sample was measured
before and after exposure to a CO2 atmosphere while held at a constant temperature of 900°C for
60 hours. The total conductivity was measured in air with an increase in temperature ranging from
300°C to 900°C at a rate of 1°C/min.
The oxygen permeation flux of OTMs with varying dual-phase compositions, including a pure
SSC composition, was investigated using a pure CO2 sweeping gas. The experimental setup is
shown in Fig. 5.1, demonstrating a similar permeation test setup as used in Chapter 4. The oxygen
permeation flux was investigated at varying membrane temperatures ranging from 800°C to 900°C
and at different pure CO2 sweeping gas flow rates ranging from 20 to 80 ml.min-1. The feed side
of the membrane sample was exposed to ambient air. All oxygen permeation tests were conducted
over a 50 or 60-hour period in which the membrane temperature and sweeping gas flow rate
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remained constant. GC readings were collected every 12 minutes for the entire duration of the
oxygen permeation tests. The oxygen permeation flux (JO2 ) was calculated using Eq. 4.1:

𝐽𝑂2 = Ḟ𝑡𝑜𝑡𝑎𝑙 (𝑋 ′′ 𝑂2 )/𝑆

(Eq. 5.1)

where, Ḟtotal is the volumetric flow rate of the sweeping gas defined by the mass flow controller,
X ′′ O2 is the molar fraction of oxygen detected in the GC, and 𝑆 is the effective surface area of the
planar membrane.

Figure 5.1 Experimental setup for oxygen permeation experiments with a CO2 sweeping gas
After oxygen permeation testing, investigated samples were examined using an SEM, which
studied the membrane permeation surface and cross-section. Furthermore, the chemical structure
of the investigated sample’s permeation surface was analyzed using an XRD. In some instances,
oxygen permeation experiments were repeated using the same membrane composition, membrane
temperature, and CO2 sweeping gas flow rate while modifying the CO2 exposure times. The
produced OTMs samples with different CO2 exposure times were investigated using an SEM and
XRD, therefore providing a deeper insight into the carbonate formation on the membrane over
time.
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5.3 Results and discussion
5.3.1 Oxygen permeation flux comparison of dual-phase OTM compositions when subjected
to CO2 atmospheres
Figure 5.2 shows the XRD pattern of an SSC OTM’s permeation surface at different durations
of exposure to a CO2 sweeping gas with a flow rate of 80 ml.min-1 while maintained at a membrane
temperature of 900°C. As displayed in Fig. 5.2, the SrCO3 pattern matches well with the additional
peaks that appear in the diffraction pattern of the SSC OTM’s permeation surface after exposure
to CO2. The presence of additional peaks in the diffraction patterns, identified as SrCO3, confirm
the phase transformation on the pure SSC OTM’s permeation surface from the CO2 sweeping gas.

Figure 5.2 XRD diffraction patterns of the pure SSC permeation surface after exposure to a CO2
sweeping gas with flow rate 80 ml.min-1 while held at 900°C for 0.0, 0.6, 6.0, and 60 hours
The carbonate formation on the permeation was observed to modify the morphology of the
SSC material after exposure to CO2. Figure 5.3 displays the surface and cross sections of a pure
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SSC OTM before and after exposure to a CO2 sweeping gas with a flow rate of 80 ml.min-1 while
held at a membrane temperature of 900°C for 60 hours. The permeation surface, shown in Fig
5.3b, corresponds to the XRD pattern shown in Fig 5.2 after 60 hours of CO2 exposure, indicating
the degraded surface morphology is a result of the phase transformation from CO 2 exposure.
Compared to the permeation surface of an untested pure SSC OTM (Fig 5.3a), the permeation
surface of a pure SSC OTM after exposure to CO2 for 60 hours is observed to be an uneven porous
surface that lacks the dense mechanical integrity needed to separate oxygen from the surrounding
air. Furthermore, the pure SSC OTMs thickness is shown to have increased to approximately 1.6
mm after exposure to CO2 at a flow rate of 80 ml.min-1 while held at a membrane temperature of
900°C. In comparison, an untested pure SSC OTM’s cross section (Fig. 5.3c) is approximately
0.44 mm. The modified morphology observed in Fig. 5.3b and 5.3d indicate that the carbonate
formation on the SSC material caused inflammation throughout the entire membrane, ultimately
compromising the overall structure.
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Figure 5.3 SEM images of newly sintered SSC OTM’s surface (a) and cross section (b) and a
pure SSC OTM’s surface (b) and cross section (d) after exposure to a CO2 sweeping gas with a
flow rate of 80 ml.min-1 while held at a membrane temperature of 900°C for 60 hours
The carbonate formation throughout the entire SSC membrane is also shown to impact the
perovskite-type material’s total conductivity (ionic and electronic conductivity). Figure 5.4 shows
the total conductivity of the pure SSC membrane before and after exposure to a CO2 atmosphere
at 900°C for 60 hours. The total conductivity before and after CO2 exposure is found to initially
increase, reaching a maximum total conductivity of 225.99 S.cm-1 at 454°C and 32.77 S.cm-1 at
401°C, respectively. The initial rise in conductivity up to approximately 450°C is attributed to the
perovskite membranes p-type semi-conductivity, of which there is a transition at high temperature
due to the reduction of Co+4 to Co+3 or Sc+3 to Sc+2 [168,169]. For higher temperatures, the
perovskite-type material deviates from p-type semi-conductivity to a metal-like conductivity for
which the total conductivity decreases. Figure 5.4 also shows that after exposure to a CO2
atmosphere for 60 hours at 900°C, the total conductivity of the SSC material decreases. The
difference between the total conductivity before and after CO2 exposure suggests that the carbonate
formation on the SSC material compromises the perovskite structures ability to needed to maintain
electronic pathways. Although the total conductivity is reduced after the SSC material is exposed
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to a CO2 atmosphere, it is not completely diminished, suggesting the preservation of some electron
pathways and justifying the use of dual-phase OTMs to improve the oxygen permeation flux in
CO2 atmospheres.

Figure 5.4 Temperature dependence of total conductivity in air of a pure SSC sample before and
after exposure to a CO2 atmosphere at 900°C
The oxygen permeation flux of SSC/SDC dual-phase OTMs comprised of varying SDC wt.%
ranging from 0 to 50 wt.% SDC was investigated for 60 hours using a pure CO2 sweeping gas with
a flow rate of 80 ml.min-1 while held at membrane temperature of 900°C. The resulting oxygen
permeation fluxes are shown in Fig. 5.5 for each dual-phase OTM composition including the pure
SSC OTM. The highest oxygen permeation flux after the 60-hour permeation test was achieved
by the 30 wt.% SDC-70 wt.% SSC (30SDC-70SSC) dual-phase OTM which exhibited a steady
oxygen permeation flux of 0.73 ml.min-1.cm-2 for the last 30 hours of the experiment. Compared
to other oxygen permeation fluxes reported in the literature, the steady oxygen permeation flux of
the 30SDC-70SSC dual-phase OTM, achieved after the 60-hour permeation test, is higher
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[49,58,80,83–90,92–95,98–112,170–173]. The superior and steady oxygen permeation flux of the
30SDC-70SSC dual-phase OTM indicates a relatively high performing composition which could
potentially be utilized for the application of oxy-fuel combustion.

Figure 5.5 Unsteady oxygen permeation flux of dual-phase OTMs with varying compositions
ranging from 0 to 50 wt.% SDC while subjected to a CO2 sweeping gas with a flow rate of 80
ml.min-1 while held at a membrane temperature of 900°C for 60 hours
Looking further into Fig. 5.5, it is difficult to determine the effect that the additional SDC wt.%
in the dual-phase OTM composition has on the oxygen permeation flux exposed to a pure CO2
sweeping gas. Figure 5.6 offsets the oxygen permeation flux curves shown in Fig 5.5 of each dualphase OTM composition subjected to a pure CO2 sweeping gas with a flow rate of 80 ml.min-1
while held at a membrane temperature of 900°C for 60 hours. The offset oxygen permeation flux
curves shown in Fig. 5.6 provide a deeper insight into how the oxygen permeation flux is modify
with varying dual-phase compositions while exposed to a CO2 atmosphere. In Fig. 5.6, it is
observed that the oxygen permeation flux curves for each dual-phase OTM composition consists
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of two regions: 1) a rise in the oxygen permeation flux and 2) a fluctuating period in which the
oxygen permeation flux declines or remains steady. The oxygen permeation flux results for the
pure SSC, 10SDC-90SSC, and the 20SDC-80SSC OTMs are found to decline after achieving a
maximum flux. The 30SDC-70SSC and 40SDC-60SSC OTMs are found to achieve a steady
oxygen permeation flux at their respective maximum fluxes after approximately 30 hours into the
permeation test. The 50SDC-50SSC OTM is shown to continually increase during the duration of
the permeation test, reaching a maximum oxygen permeation flux at 60 hours.

Figure 5.6 The offset curves of the unsteady oxygen permeation flux of dual-phase OTMs with
varying compositions ranging from 0 to 50 wt.% SDC while subjected to a CO2 sweeping gas
with a flow rate of 80 ml.min-1 while held at a membrane temperature of 900°C for 60 hours
The fluctuating oxygen permeation performances of the various OTM compositions is linked
to the membrane morphology of the OTM. Figure 5.7 displays the cross sections of SSC/SDC
dual-phase OTMs comprised of varying SDC wt.% ranging from 10 to 50 wt.% SDC subjected to
a pure CO2 sweeping gas with a flow rate of 80 ml.min-1 while held at membrane temperature of
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900°C for 60 hours. The compositions in which exhibited a declining oxygen permeation flux after
reaching a maximum value (10SDC-90SSC and 20SDC-80SSC dual-phase OTMs) are shown to
have most of their internal cross-section compromised by the phase transformation. The
compromised cross sections of the 10SDC-90SSC (Fig 5.7a) and 20SDC-80SSC (Fig 5.7b) dualphase OTMs are similar to the cross-section of the pure SSC OTM under the same conditions (Fig.
5.3d). The cross-sections of the 30SDC-70SSC and 40SDC-60SSC dual-phase OTMs after 60
hours of CO2 exposure are observed to have a defined carbonate layer in which much of the
uncompromised dual-phase membrane remains intact. The 50SDC-50SSC dual-phase OTM is
found to have limited sites of which portions of the permeation surface is compromised.
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Figure 5.7 SEM images of the cross sections of all dual-phase membrane compositions (10SDC90SSC (a) to 50 SDC-50SSC (e)) after subjected to a CO2 sweeping gas with a flow rate of 80
ml.min-1 while held at a membrane temperature of 900°C for 60 hours
The variation in the uncompromised membrane thickness also contributes to the oxygen
permeation flux. As the carbonate forms on the permeation surface, the uncompromised membrane
thickness decreases, thus gradually improving the oxygen chemical gradient across the
uncompromised membrane. Therefore, the initial rise of the oxygen permeation flux shown in Fig.
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5.5 and 5.6, hereby referred to as the rise region, is attributed to the formation of the carbonate
layer on the permeation surface.
The growth of the carbonate layer (i.e., phase transformation) on the permeation surface of the
OTM is a result of heterogeneous nucleation. Initially, heterogeneous nucleation occurs on the
OTM surface, in which the SSC material exposed to the CO2 atmospheres begins to form into
SrCO3, as observed from the XRD pattern in Fig. 5.2. Once the newly created structure is large
enough, the carbonate will start to grow new phase particles by combining with the SSC material
within the OTM, ultimately creating an additional carbonate layer on the permeation surface that
protrudes into the internal cross-section. As the carbonate layer grows larger the inner crosssection of the membrane decreases, thus reducing the chemical gradient across the OTM and
increasing the oxygen permeation flux observed in the rise region of Fig. 5.5 and 5.6.
A more in-depth insight into the relationship between the carbonate growth and dual-phase
composition can be seen in Table 5.1, which shows the rate at which the oxygen permeation flux
increases within the rise region. From Table 5.1, the rate at which the oxygen permeation flux
increases in the rise region is found to decrease with the addition of SDC in the dual-phase
composition. As previously discussed, the increase in the oxygen permeation flux is a result of the
carbonate formation reducing the uncompromised membrane thickness and thus increasing the
oxygen chemical gradient across the OTM. The presence of SDC in the dual-phase OTM
composition reduces the nucleation sites between the CO2 sweeping gas and permeation surface.
This is supported in Fig. 5.7e which shows the cross-section of the 50SDC-50SSC dual-phase
OTM after exposure to CO2 sweeping gas with a flow rate of 80 ml.min-1 while held at a membrane
temperature of 900°C for 60 hours. As previously described, the 50SDC-50SSC dual-phase OTM
is observed to have limited regions of the carbonate formation on the permeation surface while
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maintaining some of the internal uncompromised membrane structure after exposure to CO2 for
60 hours. As a result of the delayed formation, the rise region duration is found to be relatively
long compared to other dual-phase compositions, since the additional SDC in the composition is
delaying the carbonate growth on the permeation surface.
Table 5.1 The rate of change in the oxygen permeation flux of the dual-phase OTMs with
varying compositions ranging from 0 to 50 wt.% SDC within the rise region

Pure
SSC
𝒅𝑱𝑶𝟐
2.1E-1
𝒅𝒕

10SDC90SSC

20SDC80SSC

30SDC70SSC

40SDC60SSC

50SDC50SSC

1.1E-1

4.1E-2

1.1E-2

6.6E-3

4.9E-3

The additional SDC in the dual-phase composition is also observed to mitigate the carbonate
growth from protruding into the internal membrane structure. Fig. 5.8 shows the cross sections of
a 30SDC-70SSC dual-phase OTM after subjected to a CO2 sweeping gas with a flow rate of 80
ml.min-1 while held at a membrane temperature of 900°C for 50 and 60 hours. At both 50 hours
(Fig. 5.8a) and 60 hours (Fig. 5.8b) of CO2 exposure, the cross sections are observed to exhibit
uncompromised layers with the same approximate thickness (~448.5μm). However, the carbonate
layer is found to have continually grown over the 10-hour, forming a thick layer on the permeation
surface of the 30SDC-70SSC dual-phase OTM after 50 (Fig. 5.9a) and 60 hours (Fig 5.9b) of CO2
exposure. The thick carbonate layer prevents the interaction between the uncompromised
membrane and the CO2 sweeping gas, eliminates any further nucleation from occurring on the
uncompromised material. Thus, a substantial portion of the permeation surface is consistently
maintained resulting in a steady oxygen permeation flux. Furthermore, the preserved
uncompromised membrane thickness along with the high SSC composition results in the 30SDC70SSC to exhibit the highest oxygen permeation flux when subjected to CO2 atmospheres.
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Figure 5.8 SEM images of a 30SDC-70SSC dual-phase OTM’s cross section after exposure to a
CO2 sweeping gas with a flow rate of 80 ml.min-1 while held at a membrane temperature of
900°C for 50 (a) and 60 (b) hours

Figure 5.9 SEM images of a 30SDC-70SSC dual-phase OTMs surface after exposure to a CO2
sweeping gas with a flow rate of 80 ml.min-1 while held at a membrane temperature of 900°C for
50 (a) and 60 (b) hours

5.4 Oxygen permeation flux under modified CO2 sweeping gas flow rates and
membrane temperatures
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Chapter 4 demonstrated the effects of membrane temperature and sweeping gas flow rate on
an OTM’s oxygen permeation flux. It was shown that as the membrane temperature increased,
while exposed to a constant sweeping gas flow rate, the oxygen permeation flux increased due to
the enhancement of oxygen diffusivity throughout the membrane. Furthermore, as the sweeping
gas flow rate increased, while held at a constant membrane temperature, the oxygen permeation
flux increased due to the higher sweeping gas flow rate improving the oxygen chemical gradient
across the OTM. In this chapter, after determining the effect of dual-phase compositions on the
oxygen permeation flux in CO2 atmospheres, additional long-term studies were administered for
50 hours. These long-term oxygen permeation tests were conducted by modifying the membrane
temperature to either 800°C, 850°C, or 900°C and CO2 sweeping gas flow rate to 20 ml.min-1, 40
ml.min-1, or 80 ml.min-1 on the permeation side of a 30SDC-70SSC dual-phase OTM.
Figure 5.10 shows the oxygen permeation flux of a 30SDC-70SSC dual-phase OTM at varying
membrane temperatures while exposed to a pure CO2 sweeping gas flow rate of 20 ml.min-1 (Fig.
5.10a), 40 ml.min-1 (Fig. 5.10b), and 80 ml.min-1 (Fig. 5.10c) for 50 hours. In each sub-figure of
Fig. 5.10, the oxygen permeation flux is observed to increase with an increase in membrane
temperature. For example, at a constant CO2 sweeping gas flow rate of 80 ml.min-1 the highest and
lowest oxygen permeation fluxes were found to be 0.30 ml.min-1.cm-2 and 0.73 ml.min-1.cm-2 at a
membrane temperature of 800°C and 900°C, respectively.
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Figure 5.10 Unsteady oxygen permeation flux of a 30SDC-70SSC dual-phase OTM while
subjected to a CO2 sweeping gas with a flow rate of 20 (a), 40 (b), or 80 (c) ml.min-1 while held
at a membrane temperature of 800°C, 850°C, or 900°C for 50 hours
The 30SDC-70SSC dual-phase OTM held at a membrane temperature of 800°C demonstrates
at steady oxygen permeation flux for entire permeation test when exposed to a CO2 sweeping gas
flow rate of 20 ml.min-1, 40 ml.min-1, and 80 ml.min-1. The steady oxygen permeation flux of the
30SDC-70SSC dual-phase OTM is a result of the maintained internal structure of the membrane.
Figure 5.11 displays the surface and cross-section of a 30SDC-70SSC dual-phase OTM after an
oxygen permeation test at a CO2 sweeping gas flow rate of 80 ml.min-1 while held at a membrane
temperature of 800°C for 50 hours. The surface of the dual-phase 30SDC-70SSC dual-phase OTM
after the permeation test is observed to exhibit minor carbonate formations that have grown on the
membrane surface. The cross-section, however, is observed to have remained intact, signifying an
uncompromised internal membrane structure which resulted in the steady oxygen permeation
fluxes displayed in Fig. 5.10.
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Figure 5.11 SEM images of a 30SDC-70SSC dual-phase OTMs surface and cross-section after
exposure to a CO2 sweeping gas with a flow rate of 80 ml.min-1 while held at a membrane
temperature of 800°C for 50 hours
A difference in the carbonate formation is observed when comparing the cross sections of the
30SDC-70SSC dual-phase OTMs subjected to a CO2 sweeping gas flow rate of 80 ml.min-1 while
held at a membrane temperature of 800°C (Fig 5.11b) or 900°C (Fig 5.9a) for 50 hours. The
difference in the membrane morphology suggests that the carbonate formation grows at a faster
rate at higher membrane temperatures. The relation between the carbonate formation and
membrane temperature can further be seen when examining Table 5.2. Table 5.2 shows the rate of
change in the rise region of the oxygen permeation flux of a 30SDC-70SSC dual-phase OTM while
subjected to a CO2 sweeping gas with a flow rate of 20, 40, or 80 ml.min-1 while held at a
membrane temperature of 800°C, 850°C, or 900°C for 50 hours.
Table 5.2 demonstrates that the rate of change in the oxygen permeation flux over time
increases as the membrane temperature also increases. For example, at a CO2 sweeping gas flow
rate of 40 ml.min-1, the oxygen permeation flux increases of a rate of 1.3E-3 [ml.min-1.cm-2].hr-1
at a membrane temperature of 850°C, which is a third of the rate at which the oxygen permeation
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flux increases at a membrane temperature of 900°C (6.9E-3 [ml.min-1.cm-2].hr-1). The increase in
the oxygen permeation flux over time is a result of the carbonate formation on the membrane
surface, which reduces the uncompromised membrane thickness, thus improving the oxygen
permeation flux.
Table 5.2 also shows a faster rate of change in the oxygen permeation flux as the CO2 sweeping
gas flow rate increases. For example, at a constant membrane temperature of 900°C, the rate of
change in the oxygen permeation flux within the rise region was observed to 3.4E-3, 6.9E-3, and
1.1E-2 [ml.min-1.cm-2].hr-1 at a CO2 sweeping gas flow rate of 20, 40, and 80 ml.min-1,
respectively. The difference in the rate of change of the oxygen permeation flux within the rise
region is a result of the growth of the carbonate formation of the permeation surface.
Table 5.2 The rate of change in the oxygen permeation flux of a 30SDC-70SSC dual-phase
OTM while subjected to a CO2 sweeping gas with a flow rate of 20, 40, or 80 ml.min-1 while
held at a membrane temperature of 800°C, 850°C, or 900°C within the rise region

Membrane temperature CO2 sweeping gas flow rate
(°C)
(ml.min-1)

𝒅𝑱𝑶𝟐
𝒅𝒕

800

20
40
80

0
0
0

850

20
40
80

9.2E-4
1.3E-3
6.6E-3

900

20
40
80

3.4E-3
6.9E-3
1.1E-2

Figure 5.12 shows the surface and cross-section of the 30SDC-70SSC dual-phase OTM
exposed to a sweeping gas flow rate of 20 ml.min-1 while held at a membrane temperature of 900°C
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for 50 hours. In comparison to the cross-section (Fig. 5.8a) and surface (Fig.5.9a) of the 30SDC70SSC dual-phase OTM exposed to a sweeping gas flow rate of 80 ml.min-1 while held at 900°C
for 50 hours, the cross-section and surfaces shown in Fig. 5.12 are observed to have limited regions
on the permeation surface of which the carbonate formation occurs. The difference between the
carbonate formation found in the cross-section images of the 30SDC-70SSC dual-phase OTM
when subjected to a CO2 sweeping gas flow rate of 20 ml.min-1 and 80 ml.min-1 is attributed to the
larger volume of CO2 introduced to the permeation surface during the 50-hour experiment. The
larger volume of CO2 exposed to the permeation surface of the dual-phase OTM enhances the
growth rate of the carbonate formation, thus reducing the internal cross-section and improving the
oxygen permeation flux as observed in Fig 5.10c.

Figure 5.12 SEM images of a 30SDC-70SSC dual-phase OTMs surface and cross-section after
exposure to a CO2 sweeping gas with a flow rate of 20 ml.min-1 while held at a membrane
temperature of 900°C for 50 hours

5.5 Conclusion
The work presented in this chapter studies the behavior of dual-phase OTMs in CO2
atmospheres. The oxygen permeation flux and structure of dual-phase OTMs with varying
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compositions ranging from 0 to 50 wt.% SDC on increments of 10 wt.% SDC were investigated
using a CO2 sweeping gas with a flow rate of 80 ml.min-1 and membrane temperature of 900°C
for 60 hours. A pure SSC OTM was found to have degraded entirely in structure and performance
after exposure to CO2 for 60 hours due to the formation of SrCO3 throughout the membrane
structure. Other dual-phase compositions exhibiting a higher wt.% SDC within their composition
was found to reduce the carbonate formation rate throughout the membrane as observed by the
gradual increase in the oxygen permeation flux about the CO2 exposure time. At higher wt.% of
SDC (>20 wt.%), the carbonate formation was found to subside leaving a consistent
uncompromised membrane thickness that resulted in a steady oxygen permeation flux. The
30SDC-70SSC dual-phase OTM was found to exhibit the highest oxygen permeation flux (0.73
ml.min-1.cm-2) compared to other dual-phase OTMs when subjected to a CO2 sweeping gas with a
flow rate of 80 ml.min-1 while held at a membrane temperature of 900°C.
The oxygen permeation flux using a CO2 sweeping gas was also investigated through varying
other vital factors such as membrane temperature and sweeping gas flow rate. The oxygen
permeation flux was discovered to gradually increase slower at lower membrane temperatures and
sweeping gas flow rate, suggesting that the carbonate growth rate on the membrane’s permeation
surface was enhanced by higher membrane temperatures and larger volumes of CO2 swept across
the OTM. Although most investigated conditions displayed some interaction between the SSC
material and CO2 sweeping gas, this chapter identified key factors that can improve the oxygen
permeation flux and structure in rich CO2 atmospheres.
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Chapter 6 Exploring the performance of dual-phase oxygen
transport membranes for carbon capture purposes
6.1 Introduction
There is a rising pressure on industry to meet the steady climb of energy demand while
concurrently reducing harmful emissions exhausted into the atmosphere. For the past decade,
oxygen transport membrane reactors (OTMs), have been receiving growing attention due to their
ability to provide high volumes of pure oxygen that react with incoming fuel at minimal energy
costs. However, one significant concern is the OTM’s stability when exposed to high
concentrations of CO2, a potentially harmful acidic gas. To preserve the integrity of the OTM in
acidic environments, many have adapted dual-phase OTMs, combining the advantages of the
perovskite-type material’s high oxygen permeation performance with a stable additive material’s
tolerance of CO2.
As discussed in Chapter 2 and 5, dual-phase OTMs are comprised of two materials with
different atomic structures, ionic and electronic conductive properties and resistances towards
destructive gases. As demonstrated in Chapter 5, an SDC/SSC dual-phase OTM was fabricated to
combine a mixed ionic and electronic conductive perovskite-type material with an exclusively
ionic conductive material. The produced SDC/SSC dual-phase OTM was shown to transport
oxygen ions through the OTM after exposure to a CO2 atmosphere due to the preservation of the
B-site ions within the perovskite-type structure exhibiting some electronic conductivity after the
SSC phase transformation while the presence of SDC maintained ion transport pathways. The
results shown in Chapter 5 suggest a possible composition that could be used to produce OTMs
for the application of oxy-fuel combustion.
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Although improving upon the performance and stability in CO2 environments found
downstream for the application of oxy-fuel combustion, dual-phase OTMs present the potential
challenge of maintaining a high oxygen permeation flux (>1 ml.min-1.cm-2) in unconverted fuel
rich atmospheres found upstream. An exclusively mixed ionic-electronic conductive OTM can
reduce surrounding oxygen anywhere on the feed side surface and re-oxidize anywhere on the
permeation side surface. However, the addition of an exclusively ionic conductive material (SDC)
limits the number of reducing and re-oxidizing sites due to the reduced number of electronic
pathways throughout the entire structure. This chapter aims to examine dual-phase OTM’s oxygen
permeation performances, with different OTM compositions while using different sweeping gases
such as helium, methane, and CO2.

6.2 Experimental methods
SrSc0.1Co0.9O3- (SSC) was selected as the perovskite-type material due to previous chapters
and previous research demonstrating a higher oxygen permeation performance and electronic
conductivity compared to more popular materials such as La0.6Sr0.4Co0.2Fe0.8O3-δ and
Ba0.5Sr0.5Co0.8Fe0.2O3-δ [131,174]. SDC was also selected as the additional material for the dualphase OTM due to its high ionic conductivity and its resistivity to CO2 atmospheres
[47,48,113,175]. The SDC/SSC dual-phase planar OTMs were fabricated using the method
described in Chapter 5. Phase structure of the material was determined using X-ray diffraction
(XRD) while morphologies were observed using a scanning electron microscope (SEM). Relative
density was calculated using Archimedes’ method in distilled water [176,177]. The total
conductivity of bar samples with dual-phase compositions ranging from 0 to 50 wt.% SDC was
measured using the same four-probe method set-up as described in Chapter 3. Bar samples with
varying weight ratios of SDC were mixed and fabricated using the techniques described in

85

Chapters 3 and 5. The total conductivity of each bar sample was measured in air with an increase
in temperature ranging from 300°C to 900°C at a rate of 1°C/min.
The oxygen permeation flux of the dual-phase planar membranes was investigated using the
experimental set-up shown in Fig. 6.1. The oxygen permeation flux was determined using the same
experimental approach as described in Chapter 4 and 5 with the additional use of a helium
sweeping gas. The oxygen permeation flux was calculated using Eq. 5.1 when using a helium
sweeping gas and Eq. 4.8 when using a methane sweeping gas. Additionally, CO2 selectivity was
calculated using Eq.4.9.

Figure 6.1 Experimental setup for oxygen permeation measurements with a methane or helium
sweeping gas

6.3 Results and discussion
6.3.1 Structures of dual-phase OTMs
Figure 6.2 shows the XRD patterns of the sintered OTMs. All composite OTMs scans contain
a fluorite-type (SDC) and perovskite-type (SSC) phase, showing no signs of any impurities. When
compared to the pure SDC and SSC line scans, there is no interaction within the dual-phase
composition during the sintering process. Therefore, both phases demonstrate chemical
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compatibility for all composition ratios, regardless of additional SDC additive. This can be
observed as the addition of SDC material to the OTM composition weakens the SSC peaks at
32.6°, 40.05°, 46.65°, 58.05°, 68.40° and 77.80°, which corresponds to the diminishing portion of
SSC material in the OTM composition. This was further verified when examining the OTM
morphology using the SEM.

Figure 6.2 XRD patterns of SSC-SDC dual-phase OTMs with different weight ratios after
sintering at 1200°C for 5 hours
The total conductivity of the single-phase perovskite and dual-phase composite oxides are
shown in Fig. 6.3. The perovskite oxides have a higher total conductivity compared to the dualphase composite oxides. As discussed in Chapter 5, the initial rise in the total conductivity
attributes to the perovskite-type material’s p-type semi-conductivity, of which there is a transition
at high temperature due to the reduction of Co+4 to Co+3 or Sc+3 to Sc+2 [168,169]. The total
conductivity of the dual-phase composite materials is much lower than the total conductivities of
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the perovskite-type materials, since the fluorite phase oxide (SDC), is an exclusively ionic
conductor and limits the electron mobility through the entire sample. Previous studies have shown
similar trends when comparing the total conductivity of single and dual-phase compositions
[114,178,179].

Figure 6.3 Total conductivity with respect to temperature of SDC-SSC dual-phase compositions
varying from 0 to 50 wt.% SDC
The SEM images of the OTMs’ surface area shown in Fig. 6.4, arranged in incremental order
(a-f) of SDC additive (0-50 SDC wt.%). These images indicate that all composite OTMs were able
to successfully achieve a high relative dense structure with some negligible areas of small pores.
This relative density is further reported in Table. 6.1, showing an increase in the addition of SDC.
The improvement in the relative density is primarily contributed to the difference in sintering
temperature of the different materials. Typically, the sintering temperature for SSC is between
1100°C and 1200°C while SDC requires up to 1600°C to achieve a similar densification [45,180].
Because the dual-phase OTMs were sintered at 1200°C, the SSC material was able to densify while
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the SDC additive was able to fill in any unoccupied gaps during the sintering process, thus
improving the relative density of the overall OTM. Furthermore, the addition of SDC provided a
more heterogeneous mixture, creating a division between SSC grains and promoting the reduction
of SSC grain size. This can be particularly seen in Fig. 6.4a and Fig. 6.4e which show a decline
SSC grain size with the addition of SDC material.
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Figure 6.4 SEM images of the dual-phase OTM surfaces arranged in incremental order (a-f) of
SDC additive (0-50 wt.%) after sintering for 5 hours at 1200°C
Table 6.1 Microstructural characteristics of SSC-SDC dual-phase OTM

SSC weight SDC weight SSC volume
fraction
fraction
fraction
1
0.9
0.8
0.7
0.6
0.5

0
0.1
0.2
0.3
0.4
0.5

1
0.92
0.84
0.76
0.66
0.57

SDC
volume
fraction
0
0.08
0.16
0.24
0.34
0.43

% of
relative
density
90
90
91
92
94
96

6.3.2 Oxygen permeation performance of dual-phase OTMs with a helium sweeping gas
6.3.2.1 Temperature dependence of oxygen permeation flux
The oxygen permeation performance of the dual-phase SDC-SSC OTM was measured at a
temperature range of 750 to 900°C with a helium sweeping gas flow rate of 100 ml.min-1. All
oxygen permeation data was collected after reaching steady state. As shown in Fig. 6.5, the oxygen
permeation flux for all OTMs, regardless of composition, increases with temperature. The increase
in the oxygen permeation flux relates to the improvement of the surface exchange properties of the
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OTM as previously shown in Fig. 3.8. Due to the enhanced surface exchange coefficient with an
increase in temperature, the membranes ability to reduce and re-oxidize oxygen on the feed and
permeation sides, respectively, improves, thus enhancing the oxygen permeation flux. The pure
SSC OTM exhibits the highest oxygen permeation flux, ranging from 0.78 ml.min-1.cm-2 and 2.11
ml.min-1.cm-2 at 750°C and 900°C. The pure SSC OTM was able to achieve the highest flux due
to its ability to react with the surrounding oxygen on the entire feed side surface. As more SDC is
introduced into the OTM composition, there are less available sites on the feed side for the
perovskite-type material to reduce the surrounding oxygen, therefore diminishing the oxygen
permeation flux. This trend is further seen with the increase in the wt.% of SDC. Specifically, the
lowest and highest values of a 10 SDC wt.% OTM is 0.56 ml.min-1.cm-2 and 1.30 ml.min-1.cm-2 at
750°C and 900°C, while a 50 SDC wt.% OTM has a low and high value of 0.32 ml.min-1.cm-2 and
1.00 ml.min-1.cm-2 at the same temperatures.

Figure 6.5 Temperature dependence of oxygen permeation fluxes through the SDC-SSC dualphase membrane and SSC membrane with a helium sweeping gas flow rate of 100 ml.min-1
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6.3.2.2 Sweeping gas flow dependence of oxygen permeation flux

Figure 6.6 Effects of helium sweeping gas flow rates on oxygen permeation fluxes through the
SDC-SSC dual-phase membrane and SSC membrane at 900°C
The oxygen permeation performance of the dual-phase SDC-SSC OTM was also measured at
a helium flow rate ranging from 40 ml.min-1 to 300 ml.min-1 at 900°C. Figure 6.6 shows the direct
relationship between the incoming sweeping gas flow rate and oxygen permeation flux for all
OTM compositions. The oxygen permeation fluxes’ dependency on sweeping gas flow rate is a
result of the surface exchange properties of the OTM. The pure SSC OTM has the highest oxygen
permeation flux for all flow rates ranging from 1.41 ml.min-1.cm-2 at 40 ml.min-1 and 3.22 ml.min1

.cm-2 at 300 ml.min-1, respectively. As the wt.% of SDC increases, however, the oxygen

permeation flux decreases. The OTM with a dual-phase composition of 50 SDC wt.% is only able
to achieve an oxygen permeation flux of 0.51 ml.min-1.cm-2 and 1.51 ml.min-1.cm-2 at 40 ml.min1

and 300 ml.min-1, respectively. When the composition of SDC increases, the surface exchange

properties are modified, diminishing the exchange rate of oxygen on both sides of the OTM. That
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is, the growing presence of SDC on the OTM surfaces reduces the potential for the surrounding
oxygen on the feed side as well as re-oxidizes on the permeation side, ultimately reducing the
oxygen permeation flux.
6.3.2.3 Sweeping gas composition dependence of oxygen permeation flux
After examining the oxygen permeation flux with helium, methane was used to investigate the
dual-phase oxygen permeation and combustion performance using a reactive sweeping gas. The
methane flow rate ranged from 40 to 80 ml.min-1 with a membrane temperature of 900oC. As
previously stated, using a methane sweeping gas, the components detected in the GC were oxygen,
CO2, CO, C2H6, and methane (unreacted). To distinguish the difference in performance between
methane and helium sweeping gases, the oxygen permeation fluxes were compared at the same
flow rates and presented in Fig. 6.7. In comparison, the oxygen permeation flux is higher when
using methane as opposed to helium; A pure SSC OTM exhibits a higher oxygen permeation flux
of 5.27 ml.min-1.cm-2 at 80 ml.min-1 compared to the 1.84 ml.min-1.cm-2 found using helium at the
same flow rate. The performance variation is attributed to the methane sweeping gas’ ability to
react with the permeated oxygen compared to the inert sweeping gas. When using methane as a
sweeping gas, the concentration of oxygen on the permeation side is maintained at a much lower
value compared to using helium sweeping gas. The difference is oxygen concentration on the
permeation sides signifies a higher oxygen chemical gradient for a methane sweeping gas across
the dual-phase OTM, ultimately producing a greater oxygen permeation performance overall.
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Figure 6.7 Sweeping gas comparison of oxygen permeation fluxes between helium and methane
for the SDC-SSC dual-phase membranes and SSC membrane at 900°C
Despite the performance discrepancy between methane and helium sweeping gases, the oxygen
permeation flux still decreases as the SDC wt.% increases, regardless of sweeping gas. At a flow
rate of 80 ml.min-1, the difference in the oxygen permeation flux between a pure SSC OTM and a
dual-phase OTM 50 SDC wt.% for a methane sweeping gas is 2.91 ml.min-1.cm-2, while 0.92
ml.min-1.cm-2 for a helium sweeping gas. The steeper decline in the oxygen permeation flux is a
result of the interaction between the sweeping gas and the OTM, specifically the perovskite-type
material. Due to the methane sweeping gas’ ability to react with permeated oxygen, the addition
of SDC on the membrane surface reduces the number of permeation sites, thus limiting the reaction
between methane and permeated oxygen.
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6.3.3 Oxygen permeation and combustion performance with methane
6.3.3.1 Sweeping gas flow dependence of oxygen permeation flux
The oxygen permeation flux using a methane sweeping gas was further investigated by
extending the minimum flow rate to 5 ml.min-1. As shown in Fig. 6.8 the oxygen permeation flux
increases with an increase in methane flow rate while decreasing with additional SDC wt.% within
the OTM composition. A pure SSC OTM is shown to have the highest oxygen permeation flux for
all flow rates with a maximum flux of 5.27 ml.min-1.cm-2 using a methane flow rate of 80 ml.min1

. A 50 SDC wt.% is found to have the lowest oxygen permeation flux with a minimum flow rate

of 0.71 ml.min-1.cm-2 using a methane flow rate of 5 ml.min-1. Despite the decline in the oxygen
permeation flux with the addition of SDC in the dual-phase membrane composition, for most of
the results presented in Fig. 6.8, the oxygen permeation flux is still observed to be high (>1 ml.min1

.cm-2), signifying a superior oxygen permeability to most developed materials.
Additionally, the difference in the oxygen permeation flux within the range of SDC wt.% is

shown to vary less as the flow rate decreases. Specifically, between a pure SSC OTM and a dualphase OTM 50 SDC wt.%, the oxygen permeation flux decreases by 1.29 ml.min-1.cm-2 at a flow
rate of 5 ml.min-1, but decreases 2.37 ml.min-1.cm-2 at a flow rate of 80 ml.min-1. The smaller
variance in the oxygen permeation flux at low sweeping gas flow rates indicates that the dualphase composition has less of an impact on the oxygen permeability as the sweeping gas flow rate
decreases. However, the oxygen permeation flux is not completely independent of the OTM
composition since the oxygen permeation flux still decreases as SDC wt.% increases at the lowest
flow rate of 5 ml.min-1.
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Figure 6.8 Methane sweeping gas flow rates influence on oxygen permeation fluxes through the
SDC-SSC dual-phase membrane and SSC membrane at 900°C
6.3.3.2 Sweeping gas flow dependence of CO2 selectivity
In addition to the oxygen permeation flux, the CO2 selectivity was calculated using Eq. 4.9 and
compared under varying flow rates and OTM compositions. It was found that a pure SSC OTM
exhibits the highest CO2 selectivity of 97.7% at a methane flow rate of 5 ml.min-1. Although the
oxygen permeation flux increases with an increase in methane flow rate, the CO2 selectivity
decreases, primarily caused by the volume of permeated oxygen relative to the volumetric flow
rate of methane. As the methane flow rate increases, the surface exchange is enhanced, ultimately
increasing the oxygen permeation flux. However, the increase in methane flow rate is not
proportional to the permeated oxygen. This imbalance causes an oxygen-depleted reaction that
decreases the concentration of CO2 in the product stream. As the flow rate is lowered, the ratio
between the permeated oxygen and incoming methane becomes more balanced, thus producing a
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richer CO2 concentration. Moreover, the addition of SDC within the OTM composition has a
similar effect on the CO2 selectivity. As shown in previous figures, the oxygen permeation flux
decreases with an increase in SDC wt.% caused by the modified permeability properties of the
dual-phase OTM. Thus, the further lack of permeated oxygen diminishes methane combustion and
reduces the concentration of CO2 within the exhaust stream. Furthermore, at methane flow rates
lower than 20 ml.min-1, the CO2 selectivity is greater than 80% for all investigated dual-phase
membrane compositions, indicating the potential to be used for the application of oxy-fuel
combustion.

Figure 6.9 Methane sweeping gas flow rates influence on CO2 selectivity through the SDC-SSC
dual-phase membrane and SSC membrane at 900°C

6.4 Conclusion
This chapter’s work sought to investigate the oxygen permeation and combustion performance
of dual-phase OTMs comprised of SSC (perovskite-type) and SDC (fluorite-type) materials at
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varying wt.% ratios. Material characterization (SEM and XRD) post sintering process, confirmed
the feasibility of fabricating dense dual-phase OTMs. The total conductivity was found to decrease
with an increase with the addition of SDC in the material composition. Dual-phase OTMs were
shown to exhibit similar trends in inert (helium) gases; the oxygen permeation was found to
increase with an increase in flow rate as well as an increase in temperature, but decrease with an
increase in SDC wt.% within the OTM composition. Similar trends were confirmed using a
methane sweeping gas, which enhanced the oxygen permeation flux compared to values achieved
using helium. Furthermore, CO2 selectivity was found to increase with a decrease in sweeping gas
flow rate and SDC wt.% within the OTM composition.
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Chapter 7 Approximating the performance and design of oxygen
transport membrane reactors for the application of oxy-fuel
combustion
7.1 Introduction
Previous chapters have demonstrated how operating conditions (e.g., membrane temperature,
sweeping gas flow rate, and membrane compositions) can be modified to enhance OTM’s oxygen
permeation flux and maintain its chemical and mechanical structure. However, the work done in
Chapters 3-6 are limited in scope by exclusively examining the oxygen permeation flux using a
pure methane or CO2 sweeping gas. As shown in Fig. 2.1, when an OTM is implemented for the
application of oxy-fuel combustion, the incoming methane reacts with the permeating oxygen,
converting a fraction of incoming methane in the sweeping gas to exhaust. As the sweeping gas
moves downstream, its composition consists of unconverted fuel and exhaust which can influence
the oxygen permeation flux of the OTM.
Despite previous chapters demonstrating OTMs with high oxygen permeation fluxes (>1
ml.min-1.cm-2) using a methane sweeping gas or CO2-tolerant membrane, they fail to account for
the overall application of implementing OTM technology for oxy-fuel combustion. As previously
discussed in Chapter 2, a major contributing factor to the development of OTM technology is its
financial cost (i.e., the overall performance of the OTM and size of the reactor). If current research
only focuses on developing new materials, while disregarding OTMs application for oxy-fuel
combustion, then it is difficult to determine the value of OTMs.
Alternative to building a scaled-up working demonstration, this chapter provides a simplified
method for estimating an OTM’s overall oxygen permeation flux for the application of oxy-fuel
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combustion. The oxygen permeation flux of a dual-phase OTM is investigated under localized
conditions that correspond to different regions of an applied OTM utilized for the application of
oxy-fuel combustion in power generation facilities. Localized conditions are replicated by
modifying the fuel to exhaust ratio in the sweeping gas composition.
The first objective in this chapter is to distinguish trends in the oxygen permeation flux as the
sweeping gas composition is modified while maintaining the operating conditions of the OTM,
such as reactor temperature and total flow rate of the sweeping gas. The second objective of this
chapter is to establish the oxygen permeation flux as a function of the methane fraction in the
sweeping gas composition. The determined function can be used to calculate the average oxygen
permeation flux and approximate effective surface area of the OTM. Additionally, this chapter
examines the potential advantage of repurposing the exhaust gases from the combustion to increase
the incoming sweeping gas flow rate and improve the oxygen permeation performance of the
OTM.

7.2 Experimental methods
Chapter 5 demonstrated a dual-phase OTM with a composition of 30 wt.% SDC and 70 wt.%
SSC (30SDC-70SSC) exhibiting a steady oxygen permeability when subjected to pure CO2
sweeping gases. Therefore, the 30SDC-70SSC dual-phase OTM is selected to be used as the
investigated membrane composition in this work. The detailed fabrication processes of the 30SDC70SSC dual-phase OTM is described in Chapter 5.
The oxygen permeation flux of the 30SDC-70SSC dual-phase OTM was studied using the
experimental setup shown in Fig. 7.1. The experimental setup is similar to previous setups, as
shown in Chapters 4-6, in which the fabricated planar membrane is sealed to quartz tubing using
silver paste and subsequently heated in a vacuum split furnace to the desired temperature. Figure
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7.1 differs from previous experimental setups by modifying the sweeping gas composition fed
onto the OTM. After reaching the desired temperature, the membrane was fed a sweeping synthetic
gas comprised of a varying methane fraction ranging from 0 to 1 on intervals of 0.25 while
balanced with the addition of CO2.

Figure 7.1 Experimental setup for planar OTM for estimating the overall oxygen permeation
flux using a mixed sweeping gas composition
All oxygen permeation tests were conducted using a 30SDC-70SSC dual-phase composition.
After fabrication, a dual-phase planar OTM was held at a fixed membrane temperature while
subjected to a constant sweeping gas flow rate and sweeping gas composition. The oxygen
permeation flux was studied at membrane temperatures of 800°C, 850°C, and 900°C, to simulate
temperatures found in power generation facilities [28]. The oxygen permeation flux was also
studied by varying the total flow rate of the sweeping gas from 10 to 40 ml.min-1 at intervals of 10
ml.min-1. The previous calculation used to determine the oxygen permeation flux (Eq. 4.8) was
adjusted to account for the additional CO2 in the incoming sweeping gas composition:
𝐽𝑂2 = (Ḟ𝑡𝑜𝑡𝑎𝑙 (2(𝑋 ′′ 𝐶𝑂 − 𝑋 ′ 𝐶𝑂2 ) + 1.5𝑋′′𝐶𝑂 + 𝑋′′𝑂2 + 0.5𝑋′′𝐶2 𝐻6 ))/(2𝑆)
2

(Eq. 7.1)

where X ′ CO2 is the CO2 fraction in the incoming sweeping gas composition introduced onto the
OTM.
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The calculated oxygen permeation flux results were fitted with respect to the methane fraction
in the sweeping gas composition (JO2 (XCH4 )). The data were fitted to a 2nd order polynomial using
the Polyfit function in MATLAB, which returned a polynomial least-square regression. The
average oxygen permeation flux (JO2 (ave. )) was calculated using the fitted function, bounded by
the fraction of methane in the sweeping gas composition ranging from 0 to X ′ CH4 , as shown in Eq.
7.2:
𝑋′ 𝐶𝐻

𝐽𝑂2 (𝑎𝑣𝑒. ) =

∫0

4 𝐽 (𝑋
𝑂2 𝐶𝐻4 )𝑑𝑋𝐶𝐻4
𝑋 ′ 𝐶𝐻4 −0

(Eq. 7.2)

where X ′ CH4 is the fraction of methane introduced onto the permeation side of the 30SDC-70SSC
dual-phase OTM. The average oxygen permeation flux was used to estimate the approximate
effective surface area (AESA)needed to permeate a proportionate volume oxygen to permeation
side for complete combustion with the fuel. Equation 7.3 shows the calculation for determining
AESA where Ḟtotal is the total sweeping gas flow rate. The derivation of Eq. 7.3 can be found in
Appendix B.

𝐴𝐸𝑆𝐴 =

2(Ḟ𝑡𝑜𝑡𝑎𝑙 ×𝑋 ′ 𝐶𝐻4 )
𝐽𝑂2 (𝑎𝑣𝑒.)

(Eq. 7.3)

7.3 Results and discussion
7.3.1 Oxygen permeation flux under modified sweeping gas composition
The oxygen permeation flux was investigated by adjusting the membrane temperature, the total
flow rate of the sweeping gas, and sweeping gas composition. Fig. 7.2 and 7.3 show the determined
oxygen permeation flux results found using Eq. 7.1 and their respective fitted polynomial curves.
All fitted polynomials exhibited an r2 value higher than 0.97 indicating a well fit regression to the
experimental data. Higher order polynomial fits displayed weaker r2 value less than 0.97, meaning
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a worse fit regression to the experimental data. The polynomial coefficients of the fitted curve can
be found in Table 7.1 with their respective r2 value.
Table 7.1 Polynomial coefficients of fitted curves of the oxygen permeation flux as a function of
methane fraction in the sweeping gas compositions while subjected to varying sweeping gas flow
rates and membrane temperatures

Temperature
(°C)

Flow
Rate
(ml.min-1)

800

Coefficients

r2

10
20
30
40

a
-0.1836
-0.7426
-0.5383
-0.2523

b
0.7197
1.4559
1.756
1.7723

c
0.0486
0.082
0.1204
0.1838

0.9903
0.9990
0.9981
0.9931

10
20
30
40

a
0.0831
-0.5765
-0.1504
-0.328

b
0.5626
1.4376
1.5606
1.9474

c
0.0959
0.1335
0.1652
0.2237

0.976
0.9811
0.9995
0.9981

10
20
30
40

a
0.2454
-0.1134
-0.236
-0.1522

b
0.7504
1.1725
1.4966
1.7885

c
0.129
0.2672
0.3996
0.4927

0.9745
0.9899
0.9943
0.9737

850

900

Figure 7.2 shows the oxygen permeation flux under varying sweeping gas compositions at a
total flow rate of 20 ml.min-1 while held at membrane temperature of 800, 850, and 900°C. The
oxygen flux results for other cases in which the total sweeping gas flow rate was 10, 30, or 40
ml.min-1 while held at a membrane temperature of 800, 850, and 900°C is shown in Appendix C.
It can be observed that the oxygen permeation flux is found to decline with a decrease in reactor
temperature or a decrease of the methane fraction in the sweeping gas composition. Although the
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decrease in the methane fraction was offset by the increase in CO2 in the sweeping gas, no
membrane degradation was observed for any sweeping gas mixture, except for a pure CO2
sweeping gas.

Figure 7.2 Oxygen permeation flux of 30SDC-70SSC dual-phase OTM subjected to varying
membrane temperatures and sweeping gas compositions with a constant total sweeping gas flow
rate of 20 ml.min-1. *Polynomial curve fit coefficients can be found in Table 7.1
The highest oxygen permeation flux was found to be 1.35 ml.min-1.cm-2 at a membrane
temperature of 900°C with a methane fraction of 1. The lowest oxygen permeation flux was found
to be 0.08 ml.min-1.cm-2 at a reactor temperature of 800°C using at a methane fraction of 0. The
decrease in the oxygen permeation flux with respect to temperature is a consequence of the change
in the material’s diffusion coefficient, previously discussed in Chapter 3. The observed decline in
the oxygen permeation flux with a decrease in methane fraction indicates that the membrane’s
permeability is impacted by the increase of CO2 in the sweeping gas composition. As shown in
Chapter 6, as well as previous works, a methane sweeping gas can maintain a higher permeation
flux due to its ability to react with the permeated oxygen and improve the oxygen chemical gradient
across the OTM [36–38,52,61,174]. However, the additional presence of CO2 in the sweeping gas
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composition impedes the reaction between methane and permeated oxygen, thus decreasing the
oxygen chemical gradient across the OTM and reducing the oxygen permeation flux.

Figure 7.3 Oxygen permeation flux of 30SDC-70SSC dual-phase OTM subjected to varying
sweeping gas compositions and flow rates while held at a constant membrane temperature of
900°C. *Polynomial curve fit coefficients can be found in Table 7.1
The direct correlation between the oxygen permeation flux and methane fraction in the
sweeping gas is also observed in Fig. 7.3, which shows the oxygen permeation flux under varying
total sweeping gas flow rates and compositions while maintained at a membrane temperature of
900°C. The oxygen flux results for other cases in which the membrane temperature was 800°C or
850°C while subjected to varying total sweeping gas flow rates and compositions is shown in
Appendix D. The highest and lowest oxygen permeation fluxes were found to be 2.06 ml.min-1.cm2

at a 40 ml.min-1 flow rate of pure methane and 0.1448 ml.min-1.cm-2 at a 10 ml.min-1 flow rate

of pure CO2. As stated before, the relationship between the oxygen permeation flux and methane
fraction is a result of CO2 in the sweeping gas composition impeding the reaction needed to
maintain the oxygen chemical gradient across the OTM. Despite this, the oxygen permeation flux
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still increases with an increase in the total flow rate of the sweeping gas, indicating that the oxygen
chemical gradient across the OTM is improved with an increase in total sweeping gas flow rate,
regardless of its composition.
The oxygen permeation flux results shown in Fig. 7.2 and 7.3 provide a clearer understanding
of the overall oxygen permeation flux of OTMs. On a larger scale, implemented OTMs utilized
for the application of oxy-fuel combustion in power generation facilities will exhibit a similar trend
in which the oxygen permeation flux will be lower at regions farther away from the inlet. Similar
findings have been observed in numerical studies [124,181,182]. Alternative to examining the
oxygen permeation flux under localized conditions found at different regions of a large scale OTM,
the average oxygen permeation flux could be estimated to provide a deeper insight into the OTM’s
overall performance.

7.3.2 Average oxygen permeation flux and AESA
Figure 7.4 shows the average oxygen permeation flux of the OTM at varying sweeping gas
flow rates and membrane temperatures. The average oxygen permeation flux was calculated using
Eq. 7.2 to describe the average oxygen permeability of the entire OTM when implemented for the
application of oxy-fuel combustion. As shown in Fig. 7.4, the average oxygen permeation flux is
observed to increase with the total sweeping gas flow rate and membrane temperature, as
demonstrated in previous chapters. However, the average oxygen permeation flux is lower
compared to the determined oxygen permeation flux of OTMs subjected to a pure methane
sweeping gas. For example, as shown in Fig. 7.4, the average oxygen permeation flux of the OTM
held at a constant temperature 900°C while subjected to a 30 ml.min-1 total flow rate of the
sweeping gas is 1.06 ml.min-1.cm-2. As shown in Fig. 7.3, the oxygen permeation flux subjected
to the 30 ml.min-1 flow rate of a pure methane sweeping gas while held at a membrane temperature
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of 900°C is 1.63 ml.min-1.cm-2. The average oxygen permeation flux is lower since it accounts for
the oxygen permeability throughout the entire reactor of which the methane fraction is declining
as the sweeping gas moves downstream.

Figure 7.4 Average oxygen permeation flux of 30SDC-70SSC dual-phase OTM estimated at
varying total sweeping gas flow rates and membrane temperatures
Despite exhibiting a lower oxygen permeation flux compared to the results determined using
a pure methane sweeping gas, the average oxygen permeation flux is still higher than 1 ml.min1

.cm-2 under certain operating conditions. The highest average oxygen permeation flux was found

to be 1.33 ml.min-1.cm-2 at 900°C with a total sweeping gas flow rate of 40 ml.min-1. Furthermore,
the average oxygen permeation flux for the 30SDC-70SSC dual-phase OTM is found to be higher
than 1 ml.min-1.cm-2 in all cases with a total flow rate 40 ml.min-1, regardless of the membrane
temperature.
Using a combination of the average oxygen permeation flux results shown in Fig. 7.4 and Eq.
7.3, the AESA of the OTM needed to provide a sufficient volume of oxygen for complete
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combustion can be determined. Figure 7.5 shows the AESA at varying total flow rates of the
sweeping gas and reactor temperatures. The results demonstrate that the AESA increases with the
total flow rate of the sweeping gas, suggesting that the higher total flow rate requires a larger
volume of permeated oxygen to react with the larger volume of fuel completely. Additionally, Fig.
7.5 shows the AESA decreases with an increase in reactor temperature, indicating that the
enhanced oxygen permeation flux from the rise in the reactor temperature reduces the reactor size
needed for a complete combustion. For example, the highest AESA of the OTM is 81.15 cm2 at a
40 ml.min-1 total flow rate of the sweeping gas and reactor temperature of 800°C. The lowest
AESA is 34.32 cm2 at a 10 ml.min-1 total flow rate of the sweeping gas flow rate and a reactor
temperature of 900°C. These estimations provide a deeper insight into the financial costs of
implementing OTM design and operating them under certain conditions for the application of oxyfuel combustion. Although most developed materials are compared based on their oxygen
permeation flux, this AESA calculation allows a more practical comparison for evaluating the
monetary value of implementing OTMs for the application of oxy-fuel combustion.
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Figure 7.5 Approximate effective surface area of 30SDC-70SSC dual-phase OTM estimated at
varying total sweeping gas flow rates and membrane temperatures
7.3.3 Estimating the average oxygen permeation flux and AESA under recirculated exhaust
gas conditions
Chapter 4, 5, and 6 have shown that increasing the sweeping gas flow rate consequently
increases the oxygen chemical gradient across the OTM, ultimately improving the oxygen
permeation flux. Acknowledging this, several researchers have suggested recirculating exhaust
gases back into the incoming sweeping gas to increase the total flow rate of the sweeping gas and
improve the oxygen permeation flux [13,22,28,52,183]. This concept is furthered explored by
defining the methane fraction in the incoming sweeping gas composition as the proportion of the
incoming methane flow rate (ḞCH4 ) and total flow rate of sweeping gas (Ḟtotal ), as shown in Eq.
7.4:

𝑋 ′ 𝐶𝐻4 =

Ḟ𝐶𝐻4
Ḟ𝑡𝑜𝑡𝑎𝑙
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=

Ḟ𝐶𝐻4
Ḟ𝐶𝐻4 +Ḟ𝐶𝑂2

(Eq. 7.4)

where the total sweeping gas flow rate is defined as the summation between the incoming methane
flow rate and recirculated exhaust gas flow rate (ḞCO2 ). From Eq. 7.4 and the fitted 2nd order
polynomials, X ′ CH4 was determined by modifying the methane flow rate from 10 to 40 ml.min-1
on increments of 2 ml.min-1 while also modifying the total sweeping gas flow rate from 10 to 40
ml.min-1 on increments of 10 ml.min-1.
Figure 7.6 shows the average oxygen permeation flux subjected to a modified incoming
methane flow rate and total flow rate of the sweeping gas ranging from 10 to 40 ml.min-1 while
maintained at a membrane temperature of 900°C. The average oxygen permeation flux subjected
to modified incoming methane and sweeping gas flow rates held at other membrane temperatures
such as 800°C and 850°C are shown in Appendix E. The average oxygen permeation flux is
observed to increase as the total sweeping gas flow rate increases while maintaining a constant
methane flow rate. For example, at a constant methane flow rate of 10 ml.min-1, the average oxygen
permeation flux is 0.59 ml.min-1.cm-2 and 0.71 ml.min-1.cm-2 at a total sweeping gas flow rate of
10 and 40 ml.min-1, respectively. The difference in the average oxygen permeation flux as the total
sweeping gas flow rate increases is attributed to the increase in the oxygen chemical gradient
across the membrane. These results demonstrate that recirculating the exhaust into the incoming
sweeping gas does improve the oxygen permeation flux.
However, when held at a constant total sweeping gas flow rate, Fig. 7.6 shows the average
oxygen permeation flux decreasing with the addition of CO2 in the incoming sweeping gas. At a
total flow rate of 40 ml.min-1, the average oxygen permeation flux is 1.34 ml.min-1.cm-2 and 0.71
ml.min-1.cm-2 at a methane flow rate of 40 and 10 ml.min-1, respectively. The decline in the average
oxygen permeation flux is related to the fraction of CO2 in the sweeping gas composition which
reduces the oxygen permeation flux by impeding the reaction between methane and permeated
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oxygen, as previously demonstrated in Fig 7.2 and 7.3. Therefore, although the recirculating
exhaust does improve the average oxygen permeation flux by increasing the total flow rate of the
sweeping gas, it will always be lower compared to using a pure methane sweeping gas at the same
total sweeping gas flow rate.

Figure 7.6 Average oxygen permeation flux subjected to modified incoming methane and total
sweeping gas flow rate ranging from 10 to 40 ml.min-1 while maintained at a membrane
temperature of 900°C
Despite the lower average oxygen permeation flux with the addition of recirculated exhaust
into the sweeping gas compared to using a pure methane sweeping gas, the results shown in Fig.
7.6 highlight a potential design advantage. Specifically, a comparable average oxygen permeation
flux can be achieved by increasing the total sweeping gas flow rate with recirculating exhaust,
alternative to using a pure methane sweeping gas. For example, an OTM at a reactor temperature
of 900°C subjected to 20 ml.min-1 pure methane sweeping gas will exhibit an average oxygen
permeation flux of 0.83 ml.min-1.cm-2. A similar average oxygen permeation flux (0.82 ml.min-
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1

.cm-2) can be achieved by at total sweeping gas flow rate of 30 ml.min-1 with a methane flow rate

of 18 ml.min-1, indicating that the same oxygen permeability can be achieved by the OTM using
less fuel, which may be favorable to specific system designs.
However, when considering an OTM design for a specific system, the membrane size must
also be considered. Figure 7.7 shows the AESA subjected to modified methane and total sweeping
gas flow rates while held at a membrane temperature of 900°C. The AESA subjected to modified
methane and total sweeping gas flow rates while held at other membrane temperatures such as
800°C and 850°C are shown in Appendix F. It observed in Fig. 7.7 that at a constant total sweeping
gas flow rate the AESA decreases with a decrease in the methane flow rate. At a constant total
sweeping gas flow rate of 30 ml.min-1, the AESA was determined to be 56.1 and 31.2 cm2 at a
methane flow rate of 30 and 10 ml.min-1. The reduction in the AESA is a result of the smaller
fraction of methane in the sweeping gas composition. The smaller fraction of methane in the
sweeping gas composition requires less permeated oxygen for complete combustion, thus reducing
the effective surface area of the OTM.
Furthermore, the AESA is also reduced by an increase in total sweeping gas flow rate when
held at a constant methane flow rate. At a constant methane flow rate of 20 ml.min-1, the AESA
was determined to be 49.0 and 43.1 cm2 at a total sweeping gas flow rate of 20 and 40 ml.min-1.
These results indicate that the AESA decreases due to the improved average oxygen permeation
flux achieved by the increased total sweeping gas flow rate. The decline in the required membrane
size further solidifies the advantage of recirculating exhaust into the incoming sweeping gas
composition and highlights additional measures that should be accounted for when designing
OTMs.
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Figure 7.7 AESA subjected to modified incoming methane and total sweeping gas flow rate
ranging from 10 to 40 ml.min-1 while maintained at a membrane temperature of 900°C

7.4 Conclusion
A new method for evaluating OTMs for the application of oxy-fuel combustion is presented in
this study. Using a common experimental setup, the oxygen permeation flux of an OTM was
evaluated at varying sweeping gas flow rates and membrane temperatures while also modifying
the methane fraction in the sweeping gas composition. It was discovered that the oxygen
permeation flux of the planar membrane decreased with the reduction in the methane fraction in
the sweeping gas composition. The experimental data was fitted to a 2nd order polynomial that
provided a quantifiable relationship between the oxygen permeation flux and methane fraction in
the sweeping gas composition.
The fitted curves provided a deeper insight into the overall oxygen permeation flux and
approximate effective surface area. It was found that the overall oxygen permeation flux increased
with an increase in the total flow rate of the sweeping gas and reactor temperature. The
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approximate effective surface area was found to decrease with the reactor temperature but increase
with an increase in the total flow rate of the sweeping gas, since a larger volume of methane
requires more oxygen for a complete combustion. Furthermore, the average oxygen permeation
flux was discovered to increase with an increase in the total flow rate of the sweeping gas by the
addition of recirculated CO2. However, the increase in the total flow rate of the sweeping gas by
the addition of repurposed exhaust still exhibits a lower overall oxygen permeation flux in
comparison to a pure methane sweeping gas with the same total flow rate. This suggests that the
addition of exhaust gases in the incoming sweeping gas is a factor that influences the oxygen
permeability of an OTM and may be favorable in specific system designs.
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Chapter 8 Conclusion and future work
8.1 Summary and conclusions
The first component of this thesis investigated the oxygen diffusivity and oxygen permeation
performance of a single-phase crystal structure, SrSc0.1Co0.9O3-ö (SSC), and focused on the
feasibility of utilizing OTMs for the application of oxy-fuel combustion. The following
conclusions were drawn from this portion of the thesis:
(1) The surface exchange and oxygen chemical diffusion coefficients are revealed to be
superior to other commonly investigated materials (La0.6Sr0.4Co0.2Fe0.8O3-δ and
Ba0.5Sr0.5Co0.8Fe0.2O3-δ) at different membrane temperatures.
(2) SSC’s average oxygen diffusion coefficient found experimentally is observed to be an
order of magnitude higher than the results determined in the molecular dynamics
simulation at all investigated temperatures. The difference between the experimental and
numerical results is potentially attributed to the presence of grain boundaries in the
perovskite structure, which have been documented to enhance oxygen ion diffusivity due
to a low coordination number at the grain boundary interfaces [184–188].
(3) The oxygen permeation flux of SSC is determined to be higher than the oxygen permeation
flux of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) due to SSC’s superior surface exchange and oxygen
chemical diffusion coefficients. The oxygen permeation flux is also shown to increase with
an increase in methane flow rate on the permeation side of the OTM. Furthermore, the
oxygen permeation flux is found to increase with membrane temperature which enhances
the surface exchange reaction and oxygen diffusion coefficients in the SSC OTM.
(4) The oxygen permeation flux is found to be consistent for an LSCF planar and LSCF tubular
OTM with the same effective surface area and membrane thickness. The tubular membrane
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is shown to exhibit a lower oxygen permeation flux due to its larger thickness (1.1 mm)
compared to thinner membranes (0.44 mm), which reduces the oxygen partial pressure
gradient across the OTM. The larger thickness of the LSCF tubular OTM exposes a
limitation for implementing OTMs for the application of oxy-fuel combustion under a
tubular configuration.
(5) The highest CO2 selectivity of the SSC planar OTM is determined to be 98%, indicating
the potential for the application of oxy-fuel combustion.
The second component of this thesis examined the material properties and oxygen permeation
performance of dual-phase OTMs under modified membrane compositions using SSC and
Sm0.2Ce0.8O1.9-δ (SDC). Major conclusions are described below:
(1) When exposed to a pure CO2 atmosphere, a single-phase SSC membrane exhibits a
modification in its chemical structure, morphology, ionic and electronic conductivity, and
oxygen permeability due to a carbonate formation on the A-site of the perovskite-type
material. The poor chemical stability of SSC in CO2 atmospheres signifies the need for
dual-phase OTM compositions.
(2) The addition of SDC in the OTM composition reduces the growth rate of the carbonate on
the SSC material. A 30 wt.% SDC-70 wt.% SSC dual-phase OTM is observed to achieve
a steady oxygen permeation flux during a long-term oxygen permeation test using a CO2
sweeping gas. The steady oxygen permeation flux was achieved due to the formation of a
thick carbonate layer on the permeation surface of the dual-phase OTM, separating the CO2
sweeping gas from the uncompromised SSC material.
(3) The carbonate formation growth rate is observed to vary with CO2 sweeping gas flow rates
and membrane temperatures. The increase in the CO2 sweeping gas flow rate furthers the
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reaction between the SSC material and CO2 sweeping gas due to the larger volume of CO2
exposed to the permeation surface causing the oxygen permeation flux to vary. The
increase in membrane temperature is also observed to increase the carbonate formation
growth rate on the permeation surface. In permeation tests where the membrane
temperature was 800°C, the carbonate formation was not observed to protrude into the
internal structure of the membrane.
(4) When using a helium or methane sweeping gas, the oxygen permeation flux diminishes
with an increase in SDC wt.% in the membrane composition. The decrease in the oxygen
permeation flux with more SDC in the dual-phase membrane composition is a result of the
limited electronic pathways needed to maintain the oxygen permeation flux.
(5) All dual-phase membrane compositions swept with pure methane exhibited a higher
oxygen permeation flux than when swept with helium. The difference in the oxygen
permeation flux, relative to the variation in the sweeping gas composition, attributes to the
higher oxygen partial pressure gradient maintained across the OTM by the reaction
between methane and the permeated oxygen.
(6) Despite the decline in the oxygen permeation flux with the addition of SDC in the dualphase membrane composition, the oxygen permeation flux using a methane sweeping gas
is observed to be high (>1 ml.min-1.cm-2), signifying a superior oxygen permeability
compared to other developed materials. Furthermore, at methane flow rates lower than 20
ml.min-1, the CO2 selectivity is greater than 80% for all investigated dual-phase membrane
compositions, indicating the potential to be used for the application of oxy-fuel
combustion.
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The final component of this thesis develops and investigates a new method for evaluating
OTMs for the application of oxy-fuel combustion. The following significant conclusions can be
drawn from this portion of the thesis:
(1) The oxygen permeation flux decreases with a reduced methane fraction in the sweeping
gas composition. In the presence of CO2, the reaction between methane and permeated
oxygen is hindered, decreasing the oxygen partial pressure gradient across the membrane
and the OTM’s oxygen permeation flux.
(2) Oxygen permeation flux results were fitted to a 2nd order polynomial using the Polyfit
function in MATLAB, which returned a polynomial least-square regression. The fitted
polynomials provided a relation between the oxygen permeation flux and methane fraction
in the sweeping gas composition. From the determined polynomial functions, the overall
oxygen permeation flux and the approximate effective surface area of an OTM can be
determined for a specific total flow rate of the sweeping gas or membrane temperature.
(3) The overall oxygen permeation flux is shown to increase with an increase in the total flow
rate of the sweeping and membrane temperature. The approximate effective surface area is
also discovered to decrease with membrane temperature. However, the approximate
effective surface area is shown to increase with an increase in the total flow rate of the
sweeping gas, since a larger volume of methane requires more oxygen for a complete
combustion.
(4) The overall oxygen permeation flux is discovered to increase with an increase in the total
flow rate of the sweeping gas by the addition of recirculated CO2. However, the increase
in the total flow rate of the sweeping gas by the addition of repurposed exhaust still exhibits
a lower overall oxygen permeation flux in comparison to a pure methane sweeping gas
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with the same total flow rate. This suggests that the addition of exhaust gases in the
incoming sweeping gas is a factor that influences the oxygen permeability of an OTM and
may be favorable in specific system designs.

8.2 Recommendations for future research
Based on the work conducted in this thesis, the following areas should be considered for further
investigation:
(1) There has been little work done to investigate grain boundary structure, which can
influence the oxygen ion diffusion throughout a membrane [184–188]. Using electron
backscatter diffraction (EBSD), coincident site lattices, grain orientation, texture, grain size
and the angle between grains can be characterized to provide a detailed understanding of
the single crystal membrane structure [134]. Characterized grain boundary structures can
then be used to develop a molecular dynamics simulation that investigates the oxygen
diffusivity through perovskite grain boundaries.
(2) Alternative to fabricating a single component tubular OTM, a multilayer tubular OTM can
be fabricated to reduce the thickness needed to maintain the mechanical integrity of the
membrane structure. In doing so, the oxygen chemical gradient and oxygen permeation
flux could be improved. This new configuration would further support the potential for
OTM technology to be implemented for the application of oxy-fuel combustion.
(3) The method presented in Chapter 7 is a new approach for evaluating the performance of
OTMs for the application of oxy-fuel combustion. Future research should focus on
validating this approach through the construction of a working demonstration. Once
validated, this method can be used to evaluate other perovskite-type materials, providing a
better standard for designing OTMs for the application of oxy-fuel combustion.
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Appendix A
Derivation of the oxygen permeation flux (JO2 ) using a methane sweeping gas
′′
′′
′′
′′
′′
ṅ′𝐶𝐻4 CH4 + ṅ′𝑂2,𝑝𝑒𝑟𝑚 O2  → ṅ′′
𝐶𝑂2 CO2 + ṅ𝐶𝑂 CO + ṅ𝐶2 𝐻6 C2 H6 + ṅ𝐶𝐻4 CH4 + ṅ𝑂2 O2 + ṅ𝐻2 𝑂 H2 O

(Eq. 0.1)
The elemental conservation of C, O, and H results in:
′
′′
′′
C: ṅ′𝐶𝐻4 =  ṅ′′
𝐶𝑂2 + ṅ′𝐶𝑂 + 2ṅ𝐶2 𝐻6 + ṅ𝐶𝐻4
′′
′′
H: 4ṅ′𝐶𝐻4 = 6ṅ′′
𝐶2 𝐻6 + 4ṅ𝐶𝐻4 + 2ṅ𝐻2 𝑂
′
′′
′′
O: 2ṅ′𝑂2,𝑝𝑒𝑟𝑚 = 2ṅ′′
𝐶𝑂2 + ṅ′𝐶𝑂 + 2ṅ𝑂2 + ṅ𝐻2 𝑂
′′
′′
′′
′′
′′
ṅ𝑡𝑜𝑡𝑎𝑙 = ṅ′′
𝐶𝑂2 + ṅ𝐶𝑂 + ṅ𝐶2 𝐻6 + ṅ𝐶𝐻4 + ṅ𝑂2 + ṅ𝐻2 𝑂
′′
𝑋′′𝑖 = ṅ′′
𝑖 /ṅ𝑡𝑜𝑡𝑎𝑙 = Ḟ𝑖 /Ḟ𝑡𝑜𝑡𝑎𝑙

(Eq. 0.2)
(Eq. 0.3)
Eq. 0.4)
(Eq. 0.5)
(Eq. 0.6)

Eq. 4.2 can be rearranged as:
′′
′
′′
ṅ′𝐶𝐻4 − ṅ′′
𝐶𝐻4 =  ṅ𝐶𝑂2 + ṅ′𝐶𝑂 + 2ṅ𝐶2 𝐻6

(A.1)

ṅ′′
H2 O can be determined using Eq. 4.3:

′
′′
′′
ṅ′′
𝐻2 𝑂 = 2(ṅ𝐶𝐻4 − ṅ𝐶𝐻4 ) − 3ṅ𝐶2 𝐻6

(A.2)

ṅ′O2,perm can be determined using Eq. 4.4 and combining the A.1 and A.2:
1

3

2

2

′
′′
′
′′
′′
ṅ′𝑂2,𝑝𝑒𝑟𝑚 = ṅ′′
𝐶𝑂2 + ṅ′𝐶𝑂 + ṅ𝑂2 + (ṅ𝐶𝐻4 − ṅ𝐶𝐻4 ) − ṅ𝐶2 𝐻6
1

3

2

2

(A.3)

′
′′
′′
′
′′
′′
ṅ′𝑂2,𝑝𝑒𝑟𝑚 = ṅ′′
𝐶𝑂2 + ṅ′𝐶𝑂 + ṅ𝑂2 + ṅ𝐶𝑂2 + ṅ′𝐶𝑂 + 2ṅ𝐶2 𝐻6 − ṅ𝐶2 𝐻6 (A.4)

Simplified to:
3

1

2

2

′
′′
′′
ṅ′𝑂2,𝑝𝑒𝑟𝑚 = 2ṅ′′
𝐶𝑂2 + ṅ′𝐶𝑂 + ṅ𝑂2 + ṅ𝐶2 𝐻6

(A.5)

Since,

𝐽𝑂2 =

ṅ′𝑂2,𝑝𝑒𝑟𝑚
2𝑆

=

Then JO2 is defined as

′
ṅ𝑡𝑜𝑡𝑎𝑙 ∙𝑋𝑂
2,𝑝𝑒𝑟𝑚

2𝑆

𝐽𝑂2 = (ṅ𝑡𝑜𝑡𝑎𝑙 (2𝑋 ′′ 𝐶𝑂2 + 1.5𝑋′′𝐶𝑂 + 𝑋′′𝑂2 + 0.5𝑋′′𝐶2 𝐻6 ))/(2𝑆)

120

(A.6)

Appendix B
Derivation of the approximate effective surface area (AESA)
The global reaction for methane combustion indicates the ratio between fuel and oxygen is 1 to 2,
as shown in the equation below:

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2 𝑂
The fuel to air ratio can be applied to the volumetric flow rate of methane and permeating oxygen
by the approximate effective surface area, as shown in the following equation:

Ḟ𝐶𝐻4
1
=
2 𝐽𝑂2 (𝑎𝑣𝑒. ) ∗ 𝐴𝐸𝑆𝐴
where 𝐽𝑂2 (𝑎𝑣𝑒. ) is the average oxygen permeation flux and Ḟ𝐶𝐻4 is the methane flow rate. Ḟ𝐶𝐻4
can be further defined as Ḟ𝐶𝐻4 = (Ḟ𝑡𝑜𝑡𝑎𝑙 ×𝑋 ′ 𝐶𝐻4 ) where Ḟ𝑡𝑜𝑡𝑎𝑙 is the total sweeping gas flow rate
and 𝑋 ′ 𝐶𝐻4 is the fraction of methane introduced onto the permeation side of the OTM. The
approximate effective surface area can then be defined as:

2(Ḟ𝑡𝑜𝑡𝑎𝑙 ×𝑋 ′ 𝐶𝐻4 )
𝐴𝐸𝑆𝐴 =
𝐽𝑂2 (𝑎𝑣𝑒. )
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Appendix C

Figure C.1 Oxygen permeation flux of 30SDC-70SSC dual-phase OTM subjected to varying
temperatures and sweeping gas compositions with a constant total sweeping gas flow rate of 10
ml.min-1. *Polynomial curve fit coefficients can be found in Table 7.1

Figure C.2 Oxygen permeation flux of 30SDC-70SSC dual-phase OTM subjected to varying
membrane temperatures and sweeping gas compositions with a constant total sweeping gas flow
rate of 30 ml.min-1. *Polynomial curve fit coefficients can be found in Table 7.1
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Figure C.3 Oxygen permeation flux of 30SDC-70SSC dual-phase OTM subjected to varying
membrane temperatures and sweeping gas compositions with a constant total sweeping gas flow
rate of 30 ml.min-1. *Polynomial curve fit coefficients can be found in Table 7.1

123

Appendix D

Figure D.1 Oxygen permeation flux of 30SDC-70SSC dual-phase OTM subjected to varying
sweeping gas compositions and flow rates while held at a constant membrane temperature of
800°C. *Polynomial curve fit coefficients can be found in Table 7.1

Figure D.2 Oxygen permeation flux of 30SDC-70SSC dual-phase OTM subjected to varying
sweeping gas compositions and flow rates while held at a constant membrane temperature of
850°C. *Polynomial curve fit coefficients can be found in Table 7.1
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Appendix E

Figure E.1 Average oxygen permeation flux subjected to modified incoming methane and total
sweeping gas flow rate ranging from 10 to 40 ml.min-1 while maintained at a membrane
temperature of 800°C

Figure E.2 Average oxygen permeation flux subjected to modified incoming methane and total
sweeping gas flow rate ranging from 10 to 40 ml.min-1 while maintained at a membrane
temperature of 850°C
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Appendix F

Figure F.1 AESA subjected to modified incoming methane and total sweeping gas flow rate
ranging from 10 to 40 ml.min-1 while maintained at a membrane temperature of 800°C

Figure F.2 AESA subjected to modified incoming methane and total sweeping gas flow rate
ranging from 10 to 40 ml.min-1 while maintained at a membrane temperature of 850°C
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